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Four deuterated 1-pyrazolines were synthesized and the 

magnitude of their secondary kinetic isotope effects were measured. 
The a-effect implies that both carbon-nitrogen bonds are breaking in 
the rate of determining transition state. Product studies imply that 
while deuterium substitution at the 8-position of l-pyrazoline slows 
down the rate of cyclization of the trimethylene produced, substitu- 
tion at the a-positions does not change the rate of cyclization. 

A study of azo-bis-~-3--propene thermolysis leads to the 
conclusions that (a) allyl radicals are produced (b) that the allyl 
radicals are not capable of hydrogen abstraction (c) that both carbon- 
nitrogen bonds are breaking in the rate~determining transition state 
and (d) that a good Polanyi plot may be obtained for azo alkane thermo- 
lysis studies. Nuclear magnetic resonance analysis of the azo compound 
(1) recovered after 40% reaction indicated that a small amount of 


deuterium scrambling to the y-position had occured. 
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This was rationalized in terms of the addition of allyl radicals to 
the nitrogen-nitrogen double bond. This prevented the precise deter- 
mination of secondary deuterium kinetic isotope effects in the azo-bis- 


3-propene system. 
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(A) Thermal Isomerization of Cyclopropane 


The mechanism of the gas phase thermal isomerization of 
cyclopropane to propylene has been investigated by several workers. 

Chambers and Kistiakowsky (1) carried out the first thorough 
kinetic studies on the thermal isomerization of cyclopropane to 
propylene. They found that the isomerization is homogeneous, uni- 
molecular and proceed with an activation energy of 65.0 kcal noleee 
and frequency factor of aoe at high pressure. Two mechanisms 
were suggested by these authors. The first operated through a ring 
opening to give a trimethylene diradical, which was then subjected 
to a hydrogen shift to give propylene or rotation to cyclopropane. 
The second mechanism involved a ring opening concerted with hydrogen 
migration to produce propylene. Neither was preferred to the other 
by the authors. 

Since then a large variety of diagnostic experiments have 
been applied in an attempt ati ee iis between these two 
mechanisms. 

The very elegant work of Rabinovitch and co-workers (2a) 
on the geometrical isomerization of trans-cyclopropane-d,, indicated 
that the trans compound underwent geometrical isomerization to the 
cis isomer approximately 12 times faster than its structural 


isomerization to propylene-d,. Thus, they concluded that both 
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geometrical and structural isomerization may be occurring from 
the same intermediate. 

Further evidence for the intermediacy of the trimethylene 
diradical in the thermal isomerization of cyclopropane was provided 
by the works of Rabinovitch (2b,c,d) and Benson (3). 

Rabinovitch and co-workers (2) proposed that the two 
electrons on the terminal methylene groups of the intermediate are 
not free of their mutual influence, and considered it as an "expanded- 
ring intermediate". This could be the reason why several attempts 
to trap such an intermediate by scavengers such as oxygen (2b), 
nitric oxide (4) or ethylene (5) have been unsuccessful. 

Benson (3) calculated, from the data of the thermal 
isomerization of cis- cyclopropane-d, (2b) and the thermochemistry 
of these molecules, a life-time of ee second for the trimethyl- 
ene fieadical at 444°C which is at least 100 times less than the 
collision time at one atmosphere pressure. 

Additional information has been inferred on the nature of 
the isomerization of cyclopropane, from the addition of methylene 


to olefins, wherein the trimethylene diradical has been suggested 


as an intermediate. 


Benson's calculations were based on the trimethylene diradical 
being a true diradical (pair of spectroscopic doublets). This 
should not be confused with Hoffman's trimethylene species to be 


discussed later (page 16). 


3 +? 
; . ¢ 
ras 
a= = 
. ‘ 
‘ 
- 
4% 
i 
: a4 
} 
} tie 
ti 
‘ ' 
i 
‘ 
ors : 


atdt 


eo oF a5i5 


iE 


Som 


feotbetkb gastydts ss 5) on ne boesd~ evi 


“wan csed syed (&) onededas 20 ee 


yoR2 ras aunt os? yor. eonsbive 
joloyo Iw, coksage tsonoel Lamp | aay! 


oot fern (b, 9,08) jaa veatdadt Yi, 


; #, 
= 


saqetq (8) exegréwso> hap dodiwomis 


equoxR onaiyitee [eutevad i+ 
»* S< : 


ja ,oonmeefhtat I 
;' a 
unsass, of of Blooo afar .. Sas 


ye etagnoveoe yd slearbomzedal ae 


Z dar. 


a » 
r ‘ f 


Sa 


sted oft mor? chase voles (€) noReet 


= _ 
di * —- 4 7 _ a = 
= ‘ me 
Of - er ; 


‘sown “* OF 26 smid-sili & .ae 
OO teeol ae et dota D°SAs Ge 


‘ einedsrg ssedqeonts snd IE 
ee 

. 7 

ORD aocrole Land: 

' Wy 


af Ss ihirs ot ree Sa snnhgoso Tone: ¥0 role 
met wy 
bhotdsgo0ne ‘ant Jadibs yh snot xls ae alae at te « 


a 

Rabinovitch (6) assumed that singlet methylene adds to the 
olefinic double bond in a three-centered mechanism to form a "hot" 
cyclopropane ring, and that all of the propylene, except that which 
is formed by insertion, arises from subsequent ring opening of the 
"hot" cyclopropane. 

Benson(7) however, believes that "a short-lived diradical 
must be formed as the initial step, in the addition of both the 
singlet and triplet methylene to an olefin". He illustrated his 
point by calculation, based on the intermediacy of the trimethylene 
diradical, of the propylene to cyclopropane ratio. Considering 


the following scheme: 


kK, ! 


Benson calculated, ku = itt oe and ky = ice Deh There- 
fore, he predicted (3a) that about 90% cyclopropane and 10% propylene 
would be formed from such an intermediate, which is in good agreement 


with the experimental results (8). 


(B) Thermolysis of 1-pyrazolines 


The mechanism of the gas phase thermolysis of 1-pyrazoline 
(1) has been suggested by Crawford and co-workers (9-12) to proceed 


through a trimethylene intermediate. 
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Crawford and Mishra (12) during their kinetic studies on 


the thermolysis of 1 and its methylated derivatives Table I, 


observed the following: 


(1) 


(2) 


(3) 


A progressive decrease in activation energy on going 
from EEO 3328.9, >-tetramethy!—I-nyrazoline (9) 

Methyl substitution on C3 or Cs of L brings about a 
1.2+0.2 kcal per mole per methyl group reduction in 

the activation energy of the thermolysis process. 
cis-3,5-Dimethyl-l-pyrazoline (6) and trans-3,5- 
dimethyl-l-pyrazoline (7) displayed activation para- 
meters similar to that of 3,3-dimethyl-l-pyrazoline (5). 


On the basis of these observations, they concluded that 


both carbon-nitrogen bonds are being cleaved in the rate-determining 


step. 


Further evidence for the simultaneous two-bond cleavage 


mechanism has been obtained by Cameron (13) in the thermolysis of 


3-vinyl-1l-pyrazoline (11). He observed that the introduction of 


a vinyl group into the 3 position of the l-pyrazoline ring brings 


about a 10.2+0.8 kcal noes decrease in the activation energy. 


—1 
This decrease, when compared with the 12.6+0.8 kcal mole — suggested 
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TABLE I 


Kinetic parameters of l-pyrazoline 


and methyl substituted l-pyrazoline thermolysis 


LG 
Compound Ea (kcal) Log A ASj5ge Caru,) 
42.44+0.3 15.93+0.13 T1300 
N=n 
: 
rw 
aa) 41.0+0.3 15.7+0.15 10.1+0.7 
N=N 
2 
ct 
ey 42.2+0.2 15.85+0.05 10.8+0.3 
N==N 
3 
— 
lang 42.8+0.2 14.10+0.07 9020.3 
N=N 
4 
cod 
Dee 40.0+0.2 15.8540.3 10.8+0.2 
N=N 
oy 
—Y— 40.3+0.3 15.54+0.11 9.440.5 
N==N (cis) 
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TABLE I 


Compound Ea (kcal) 


SS 40.2+0.3 
N=N (trans) 


au 

~~ 39.0+0.4 
8 

DSOXK 37.740.4 


N=N 
9 
N 1s ge us Oy 
H 


Log A 


1 07 20 ee 


2D ..4220 S24 


14.4920.12 


14.74+0.10 


(cont'd) 
ist (e.u.) 
10.0+0.5 
8.9+0.9 
4,640.8 
co hye = 20) 


as the delocalization energy of the allyl radical (14), implies that, 


complete electron delocalization is nearly attained in the rate- 


determining transition state (i.e. C,-N. is almost completely broken 


in the transition state ). A secondary a-deuterium kinetic isotope 


effect of 1.21:+0.03 at 134-135°C was observed when the rate of 


thermolysis of 11 was compared to that of 3-vinyl-1l-pyrazoline-5,5- 
Co~~w 
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d, (12). This value, which is in agreement with those observed by 
Seltzer (15) in the thermolysis of azoalkanes, led to the conclusion 


that a cleavage of C.-N bond is also taking place in the rate- 


5 
; * 
determining step. 


Additional evidence for the simultaneous two-bond cleavage 
mechanism has been provided by Ali's kinetic studies (16) on the 
thermolysis of cis- and trans~3,4-dimethyl-1-pyrazoline-5,5-d, C13 
and 14, respectively). 

Mishra's kinetic and product studies (12) on the thermo- 
lysis of 4—-methyl-1-pyrazoline-4—-d, (15), Table II, provided 
strong evidence that nitrogen elimination occurs in the rate- 
determining step of the thermolysis reaction to yield a hydrocarbon 
intermediate. When the rate constant of thermolysis of 4-methyl-1l- 
pyrazoline (3) was compared to that of 15 a relatively small kinetic 
isotope effect was observed, which implies that the C-H bond is not 
significantly changed in its nature in the rate-determining step 


(k But a large mechanistic isotope effect was observed in the 


p° 
product-determining step (k,). This observed isotope effect implies 
that cyclopropane and olefin came from the same intermediate formed 


after the rate-determining step of the thermolysis process (Scheme I). 


Further stereochemical evidence has been provided by 


(The authors feel that the C,-N bond rupture is in advance of the 


3 


C.-N bond, but that both bonds are undergoing valence change in the 


rate-determining transition state). 
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CH, 
CH, H(D) ky CH,H(D) 
SS) 
———> (intermediate) 
N=N ky 
3 CH. H(D) 
, al 
Koy Koy =2#47.//52.3 and kop/k 3p = 34.0/66.0; 
then Kopkoy/ kaykon = 1.80+0.8, ky kip = 1.07+0.03 
Scheme I 
TABLE <UL 


Effect of deuterium substitution in 3 at 241.75°C 


Compound 10° peace) % cyclopropane % 2-methylpropene 
3 64.14+0.6 a Payee gb pele 2h ory fsa 9 yoy | 
bs, 59.540.6 66.0+0.3 34.0+0.4 


Mishra (9) on the intermediacy of trimethylene species. When 6 or 
7 was thermolyzed, each gave 1,2-dimethyl cyclopropane, but mainly 


of opposite geometry (Scheme II). 
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A heterolytic one-bond cleavage mechanism to give a 
dipolar intermediate was excluded on the basis that such a mechanism 
cannot explain the decrease in activation energy upon alkyl substi- 
tution on C, and C. of 1, e.g., compare 3,3,5-trimethyl-l-pyrazoline 
(8) with 5, Table I. For the homolytic one-bond cleavage mechanism 
the thermolysis of 5 would be expected to have the same activation 
energy as that of 2, and differ only by a statistical factor of 2 
in the pre-exponential rate factor for 9. The observed enthalpies 
and entropies of activation are not consistent with such an inter- 


pretation (12). The difference in activation parameters is, 


however, consistent with a process wherein both bonds are undergoing 
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cleavage in the rate-determining step. Furthermore, the one-bond 
cleavage mechanism would suggest that the activation parameters for 
3-methyl-1l-pyrazoline (2), 6, and 7, should be similar, but as may 
be seen from Table I, this is not the case. 

That the elimination of nitrogen is the rate-determining 
step of the thermolysis was confirmed when an attempt to interconvert 
6 and 7, by a control run, was unsuccessful. 

McGreer and co-workers (17) have studied the mechanism 
of the thermolysis of 16 and 1/7 in solution. They observed that 
olefin formation is highly stereospecific and that only one of 
the substituted 2-pentenoic acid derivatives, 18 and 19, is formed 
from the thermolysis of 16 and 7 respectively. On the basis of 


the above observation they suggested a mechanism of hydrogen 


migration concerted with nitrogen elimination in the olefin forming 


process. 
Et 
: CH 
3 
+. other 
products 
cO,CH, 
16 
Et CH, 
+ other 
products 
CO.CH., 
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The possibility that the above mechanism is operating in 
the gas phase thermolysis of l-pyrazolines was excluded by Erickson's 
(18) results of the thermolysis of cis- and trans-4-deuterio-3- 


methyl-l-pyrazolines (20 and 21). From the nuclear magnetic resonance 


D H 
H — D 
CH // j a 
20 21 


integration ratios of the olefinic products of the deuterium labeling, 
it was found that these ratios are independent of the initial stereo- 
chemistry of the reactants 20 and 21. Furthermore, these product 
ratios demonstrate that both hydrogen and deuterium migrate in the 
same pee net ons from both 20 and 21 as predicted by Mishra's 
mechanism. 

Van Auken and Rinehart (19) have carried out both the 
thermal and photolytic decomposition of cis- and trans-3,4-dimethyl-3- 


carbomethoxy-1-pyrazolines(22 and 25) 
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From the photolytic decomposition of 22 and 23 the authors 
observed that cyclopropane formation was highly stereoselective, and 
besides the normal products encountered in thermolysis, some start- 
ing olefins were formed, presumably through reversal of the normal 
1,3-addition. On the basis of these observations, they suggested 


concerted molecular transition states, 24, for the photolysis. 


In the case of the thermal decomposition, the following 


product distributions were observed: 


Cc 
CH, CHy |) GH, \ H, 
ty H 
CH 
3 CO,CH, CH, CO,CH 


22 12.32 17.0% 65.8% 4.3% 
23 34.5% 28.32% 32<G% 4.4% 
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Thus, they proposed a heterolytic one-bond cleavage 
mechanism with the subsequent formation of a dipolar intermediate 


as follows: 


+ 
+ CH CH 
Ni 7 9 : CH, CH, 
22 —> SS forme CH - {> cH, +N 
\ i 0.CH 
CH, CO ,CH, Zid CO,CH, 


cyclopropane + olefins 


As a consequence of dipolar intermediate formation, one 
should expect, in specific cases, an alkyl migration from C, to Ces 
and that the delocalization of the developing negative charge on 
C3 onto a suitable carbonyl group will lead to dihydrofuran 
formation through ring-closure on the oxygen atom. 

The above possibilities have been realized by McGreer 
and co-workers (20) and Hamelin and Carrié (21) through their 
experimental investigations. When McGreer and co-workers carried out 
the thermal decomposition of 3-cyano-3-carbomethoxy-4,4-dialkyl- 
1-pyrazoline (25), they observed olefinic products resulting from 


alkyl migration. Thus, they concluded that alkyl migration is 


concerted with nitrogen elimination. The authors also observed 
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R R 
R C 

~ rf R CN Vy N R aa 

/ ha + a 
\ CO,CH., 

R CO,CH, O,CH; R CO,CH 
25 
the dihydrofuran formation in the thermolysis of cis-3,5-dimethyl- 
3-acetyl-l-pyrazoline (26). No dihydrofuran has been observed in 
the thermolysis of the trans isomer 27. 
CH 
CH3, /CH, * foc, CH, 
- 4 : ‘ | + olefins 
O 
H COCH 
C 3 H CH, CH cH, 
CH H 
3. Me 3 
eo 4 

H COCH 

N= : 

26 cis 162% 24% 23% 37% 

27 trans 61% 17% 0Z 22h 


These results indicate that the cis isomer 26 gave rise 
to an intermediate or transition state which had a suitable geometry 


for cyclization at the oxygen atom. 
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15 
A similar conclusion has been reached by Hamlin and Carrié 
(21) from their studies on the thermolysis of 3-cyano-3-carboethoxy- 
1l-pyrazolines. 

All the above studies were carried out in solution on 
compounds containing strongly electron withdrawing substituents, 
thus an ionic mechanism is highly probable. 

Crawford and co-workers have carried out their studies 
in the gas phase. It is very likely that a different mechanism is 
operating and the trimethylene species is formed. The same con- 
clusion has been reached by McGreer and co-workers (20c) when they 
carried out the thermolysis of the foregoing compounds in the gas 
phase. 

The assumption made by Crawford about the generation of 
an intermediate which is similar to that produced by cyclopropane 
isomerization was further confirmed by comparing the yield of 
propylene (11.57%) relative to that of cyclopropane (88.43%) on 
the thermolysis of 1 with that predicted by Benson (3a) on cyclo- 
propane isomerization. Comparison of the olefin products formed 
by the thermolysis of 3-methyl-1l-pyrazoline (2) with those produced 
from methylcyclopropane thermolysis lend credence to the suggestion 
that both reactions proceeded through a common intermediate (Table 


ine ET Gs yd Bs 


el 
320589 bre milan yt bedoeet nosd poe 
~yxoieodsro~t-oneyi-€ Bo eteyLomets pr ‘pele % 


no nelinioce mt jo alien das ashbyse been calh: 


= 
panded Madi eaniavnis bw sors one Vgnonse: 
5 > 


: tiaras virigaat al sitio ‘a 
aS 
er sista auo betrra>d Svat aronbsew 09 haan ‘etecahh 


i 
wt melasiogm eilaidead 5 Jet grote! vie ot 41° ovata 
—noo oman ent cheierso% et esaiscoge ono lydsemhs3 “ort be 8 wo : 4 


7 ose — A. 
- 


yet? nasidy (288) arag’raw-os here 150303 ua bedoneT 
ecg a3 al shendiiihin grtegero? od te edeyloured3 aaa 


“Sy 
0 nolisaronsg v9 wads broiwaa® Ne eben ostsgmese on 
Jap aa oF 


sneqoryol 949 xs beoubore | oom ekbmde ak dotilw 9: OU TSIA 


eee i 


eo a a 


to bf te offs gnkaeqmds ot bomvitide eae 8 noises 
Ns i; 


« 


\ go (RE, Ba) onaqorgolayp jo sees os svisalen | 
fe 


~olayo io (at) nonnse yd besobbe rg gpitd sae 39 vs 

souxei daau tet prtolo eds lo nodtts Apa = : 
hosuborg ail aviv ® sr seosect-tam ae 
pal jasggue aha oY orn beet ‘ a 


-_ = 


olds) oval leas eissied rrediutoo “‘S dguorsd ' 


16 


TABLE III 


Butene product proportions from 


pyrolysis of 2 and methylcyclopropane 


——= 


Reactant Digs : 1-Butene cis-2-Butene trans-—2-Butene Other 

2 250 0 08 3320 705 023520,05 ie 
Methylcyclo- 

propane 469 1.0 0.63 0.28 | Os23 


(C) Theoretical Treatment of Trimethylene 


Theoretical calculations have recently been carried out 
by Hoffmann (22) on the trimethylene species using the extended 
Huckel molecular orbital method. The number of degrees of freedom 
in the general CH,CH,CH, potential surface was reduced to the three 
most important degrees of freedom of the molecule; the central CCC 
angle and the rotations of the terminal methylene groups out of 
the plane defined by the three carbon atoms. The total energy of 
the system was investigated with respect to the variation of these 
three degrees of freedom. 


Three geometries are recognized for the trimethylene 


species. 


al 


a 
a 
nt . nox? pals ro9qo4y sauboaq anna 

a 


-sueqoagobaga sys am “— to oe 7 a 


> 


1 


ee oe en Vs at x os e 


! 
jonj0 oreivh-S-enesg enogal-<-2lo rs oe 


a a 


0,2 A 20. Ox2€ 0 20. 6862.0 O.L 
0% “82:0 FA.0 OL 


onpl yitaomhgt oe Teh! 


juo botvisp wasd yitasas7 gvatt adotaetesten 4 


botratxe od? gateu- ast MT sos iytsamia wilt et 


mobos? wo asaigeab 2 eaieus eft borden int 
osuis oft oi bsoubay saw poeta Sethe 
209 Luxanpa ony yelusason ould to ghoarty wm ‘a 
46 ayo! eqghosg Snel yen inane ofa 0 8 

to ygzone Into) off saint vote Sot = 


a Y ee 3 
peels Ax foisolaey sits ot sooqeus iatie, 


Paha wae 


ule, 


DFO 0, 90 90, 90 


From the examination of the ground configuration potential 
energy surface, the 90,90 geometry was found to be the most stable 
point on it at small CCC angle, and this will become a cyclopropane 
when the geometrical restraintsare further relaxed. But the 0,0 
configuration (i.e., terminal methylene coplanar with the three 
carbon-chain) displayed an energy minimum on the potential energy 
surface with a CCC angle of approximately 125°. The 0,90 geometry 
was predicted to be always higher in energy than the other two, but 
also apparently has a subsidiary energy minimum, at a central angle 
‘a hh AS aes 

Two energy levels, close in energy, were considered during 
his calculations on the trimethylene, which led to four possible 


states arising from the placement of the two electrons in the 
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On the basis of electron interaction, it is very likely that the 


triplet state 2, arising from an ' 


"excited" electronic configuration, 
will be the true ground state for the trimethylene, but this 
possibility was not examined since the extended Hukel calculations 
do not take into account the electron interaction. State 1 was 
concluded to be the ground electronic configuration for the tri- 
methylene, with a high barrier to internal rotation. While the 
first excited configuration, states 2 and 3, were concluded to be 
"floppy" entities with no barrier to internal rotation, Hoffmann 
further indicated that these two states, 2 and 3, showed a very 
broad valley for all three configurations on the potential surface. 
Thus, the most stable configuration of the trimethylene species 
was assigned as state 1 with 0,0 structure and a CCC bond angle 
of b25-.. 

The antisymmetric (A) level for the singlet trimethylene 


was found to be lower than the symmetric (S) by approximately 


e539 °6. Ve 


This was attributed to a hyperconjugative interaction between the 
central methylene and the termini, which destablizied the (S) level 


leaving the (A) level unaffected. Thus the predicted preferred 
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motion for the two terminal methylene groups to close to cyclo- 
propane is conrotatory, and this is in good agreement with those 
observed by Crawford and Mishra (9) in the thermolysis of cis- 
and trans-3,5-dimethyl-1-pyrazoline (6 and 7) (see Scheme II, 


page 9). 


(D) Secondary Deuterium Kinetic Isotope Effects (23) 


(a) Derivation of Bigeleisen Equation 

The Bigeleisen (24) derivation of rate constants for 
competitive reactions of isotopic molecules jis carried out within 
the framework of the transition Suet theory, in which a quasi- 
equilibrium is established between the reactantsand the transition 
state. 

In the case of secondary deuterium isotope effects, the 
following equations may be written: 

st 


AH +8 ech 


D 


AD, +B ——> CD 


——> Products 


Products 
__ SS 


xt is essentially, but not exactly, an equilibrium constant 
between the activated complex and the reactants; it differs primarily 
in that there is one degree of freedom less in the transition state 
than in the ground state. 

The transition state theory leads to the following 


expression for the reaction rate constant k. 
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hare «kK (1) 


Where k' and h are Boltzmann and Plank's constants 
respectively, T the absolute temperature, K is the transmission 
coefficient and ral as defined above. Consequently the ratio 
of the rate constants for the two isotopic reactions can be 
expressed as 


+ 
“i a (2) 
H 


xt can be expressed in terms of the partition functions 


of the reactants and of the activated complex. Thus equation 2 


becomes 
u 
fie HO Chin Cann 
ey (3) 
KD Rong Q AHn 


Where the Qs are the complete set of partition functions 
for the reaction, and Q's are those of the transition state, 
less that degree of freedom which eecerends to that along the 
reaction coordinate. 

The initial assumption is made that k,-Kp- On the basis 
of Born-Oppenheimer approximation of the possible separability of 
electronic and nuclear motion, Q° may be regarded as 
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21 
The isotope effects on electronic energies, to a high 
approximation, are ateenwed to be negligible. This means that the 
potential energy surfaces for isotopic molecules are the same to a 
very high degree of approximation. Thus, each partition function 
can be regarded as 
Q staQ x Q 


x ‘ x constant 
TOL. Oyib, 


trans. 
Then the isotope effect can be calculated in terms of 
the ratio of the isotopic partition functions for nuclear motion. 
The following three fundamental approximations are made 
in order to calculate isotope effects in terms of the ratios of 
the isotopic partition functions: 
(a) Rotational-vibrational interactions are neglected, 
(b) Rotational partition functions are assumed classical 
at room temperature. 
(c) The anharmonicity of the vibrational partition 
functions are neglected. 


Then after substituting for each term, the isotopeeffect 


at temperature T, is 
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where 1 and 2 refer to light and heavy isotopic species, respect- 
ively; + refers to the transition state; IS are principal moments 
of inertia and M's are molecular masses; u = hv/k’T where v is a 
normal vibrational frequency, and k'and h are as defined earlier. 
The difficulties in calculating the ratios of the 
moments of inertia can be avoided by making use of the Teller- 
Redlich product rule, which allows us to express the isotope 
effects as a function of vibrational frequency alone. The ratios 
of the molecular masses can be replaced by the ratios of the 
individual atomic masses (some of which will disappear by cancel- 
lation). This is the basis of Bigeleisen's treatment of calculating 
the kinetic isotope yaaa i Using equation 4 and replacing the 
indices 1 and 2 by H and D respectively, and rearranging it, we 


obtain equation 5. 


(Thus the isotope effect can be calculated from a knowledge of 
the complete vibrational frequencies of all molecular species, 


part of which may be known and part estimated). 
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u,(H) [l-exp {-u,(D)}] exp {-1/2u, (H)} 


j=1 Cie Peep CE) F exp {-1/2u,(D)} 


vt refers to the zero or imaginary frequency of the transition 
state, or frequency of decomposition. Equation 5 is referred to 
as the complete Se APRNs expression. Tunneling through the 
potential barrier is neglected, and the symmetry numbers are 
omitted. 

In order to enable them to calculate the kinetic isotope 
effects, Wolfsberg and Stern (25) have developed a computer program, 
using the program written by Schachtschneider (26). The input 
data consist of molecular geometries, atomic masses and force 
constants for the initial and transition states. Wolfsberg's 
program, thus, calculates isotopic effects between two states from 
the frequencies generated by the Schachtschneider program. Therefore, 
the kinetic isotope effect can be calculated from the knowledge of 
force constants and geometry of the reactants and the transition 
states. Normally the force constants far from the reaction center 
are generally assumed not to change in going from the reactant 
to the transition state. Only those centers close to the reaction 
site are included in the calculations. In case of the transition 


state the force constants are evaluated by altering reactant state 
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24 
force constants in such a way as to fit the experimentally observed 
isotope effects. 

(b) Examples of Secondary Deuterium Isotope Effects on 
Ionic Reactions 
(i) Effects of the First Kind 
The secondary a-deuterium isotope effects on the rates 


of numerous solvolytic reactions, approaching SN, in character, 


1 
have been measured independently by Mislow (27), Streitwieser (28), 
Johnson (29), Lewis (30),Saunders (31), Borcic (32), and Shiner 
(33) and their co-workers, Table IV. It has been attributed to 
the change in bond hybridization from oe to ape on going from 
the ground state to the transition state (carbonium ion). Streit- 
wieser (28) described as the most important factor, in the a- 
deuterium effect, the lower frequency of the "out-of-plane" bending 
vibration of the ae hybridized C-H bond in the carbonium ion 
compared to that of the corresponding vibration of the eae 
hybridized C-H bond in the ground state. 

Bartell(34) has ascribed the a-deuterium isotope effect to 
a non-bonding interaction(steric effect) between the a-hydrogen atom 
with the adjacent groups or atoms within the molecule, which is 
greater in the tetrahedral bonding than in the planar-trigonal bonding. 
Bartell's argument is that, since the amplitudes of vibration of 
hydrogen atoms are greater than the amplitudes of the heavier 
deuterium atoms by a readily predictable amount than non-bonded 
repulsions, averaged over the atomic vibrations, are greater for 


hydrogen atoms than deuterium atoms, Moreover, there are more, and 
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stronger non-bonded repulsions in the crowded tetrahedral reactant 
fap) than in the planar carbonium ion transition state (ep7)e 
Accordingly, the trigonal transition state is relieved of non- 
bonded repulsions to a greater extent when it contains hydrogen 
than when it contains deuterium. 
(ii) Effects of the Second Kind 

The 8-deuterium isotope effects have been studied 
extensively in solvolytic reactions with a carbonium ion inter- 
mediate. The results of these studies are recorded in Table V. 
Lewis and co-workers (35) have interpreted the feffect in terms 
of a hyperconjugative 8-CH bond weakening in the transition 
state, due to the stabilization of the developing positive charge, 
at the reaction center, by the 8-CH bonds. A similar conclusion 
and interpretation was reached by Shiner and co-workers (33, 36). 
A contrary explanation was advanced, for the B-effect, by Bartell 
(34) who interpreted the effect in terms of steric interactions 
which will be reduced with the change of hybridization around the 
reaction site eRe to A a On the basis of his recent work, 
Brown (37) stresses the importance of steric effects as a dominant 
factor in the secondary isotope effects. But more recently, 
Karabatsos and co-workers (38) concluded, through their calculations, 
using Bartell's equations, that in ordinary systems with hypercon- 
jugation possible, only a small fraction of the observed B-effect 
is due to the steric contribution. An alternative explanation has 


been proposed by Halevi [(23), pp.134-38], who interprets the 
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30 
deuterium isotope effects in terms of an inductive phenomenon. 

As may be seen from the preceding discussion much 
controversy surrounds the interpretation of secondary deuterium 
isotope effects. 

Wolfsberg and Stern (25) amalgamated the above arguments 
about the causes of secondary a- and 8-deuterium isotope effects in 
the form of a difference in force fields between the reactants and 
the transition state. They advanced the suggestion that secondary 
deuterium isotope effects on reaction rates arise from the decrease 
in force feset suet on going from the ground state to the transition 
state. The major contribution arises from the bending force con- 
stants as in the case of a-effect, and the stretching and H-C-C 
and H-C-H bending force constants in case of 8-effect. The magni- 
tude of the effects depends upon the magnitude of these changes. 

A general decrease of these force constants on going to the 
transition state will lead to normal isotope effects, i.e. ky > ky? 
as in the case of ae to ate hybridization. However, an increase in 
the force constants will generally lead to inverse isotope effects, 

i 2 3 ate 3 
i.e.,k, < kp? as in the case of sp to sp hybridization. 

Therefore, the study of secondary deuterium isotope 
effects provides a useful method to estimate the degree of force 
constant changes at the isotopic position between the reactant and 
the transition state, and consequently a powerful tool in determin- 
ing the degree of bond cleavage that occurs in the transition 


state. 
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As mentioned, all the above studies on secondary deuterium 
isotope effects have been carried out on ionic reactions, but it 
has been argued that they should be similar for ionic and for 


radical reactions. (39). 


(c) Examples of Secondary Deuterium Isotope Effects on 


Radical Reactions 
(iy) CEffects of ‘the .First..Kind 

Cohen and Wang (40) and Overberger and DiGiulio (41) 
have compared the activation energies and rates of thermolysis of 
azoisopropane (28), a-phenylethylazoisopropane (29a) and azo-bis- 


a-phenylethane. (30a). Since the activation energy decreased by 


NS re “e9 ;3 ‘5 jo 5 
H-—C-N=N-C—-H X¥—C-N=N-C—Y X-—-C-N=N-C—X 
/ \ / \ 
CH, CH. CH, CH, CH, CH, 
28 29 30 
(a) eX os oe (a) X =H 
(b ) X =D 9 (b 2 X = D 
Yor ort 
CaP ee Re TE 


about 4 kcal toless each time a phenyl group replaced a methyl 
group in this series and since the ratio of rates for compounds 
30a, and 29a was greater than a statistical factor of 2 [at 120°C 
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32 
are: 1232-3 108° Bates and 48.5 x 1077 ae (41)] these authors 
concluded that both carbon-nitrogen bonds break simultaneously 
in the rate-determining step. 

This interpretation has been further substantiated by 
the magnitude of the secondary a-deuterium kinetic isotope effect 
found by Seltzer (15a) for azo-bis-a-phenylethane-a,atd, (30b). 
The observed effect, klk = 1.27 Table VI, was approximately 
twice the usual effect for a transition from tetrahedral to trigonal 


"unimolecular" re- 


at one carbon atom which is occurring in other 
actions (Table IV), indicating that the two C-N bonds are breaking 
simultaneously in the transition state of the rate-determining 
step. 

Thermolysis of a-phenylethylazoisopropane (29a) presented 
a somewhat different picture. In the case of a-phenylethyl-a-d,-azo- 
isopropane (29b) (15b), Seltzer interpreted the isotope effect, 
k/ky = 1.148 Table VI, as demonstrating that the a-phenylethyl- 
carbon-nitrogen bond is being stretched by an amount approximately 
equal to the stretch of each a-phenylethyl-carbon-nitrogen bond 
in the thermolysis of 30a. In the case of a-phenylethylazo-2- 
propane-2-d) (29c) (15b) the isotope effect, kf ky = 1.04, has 
been interpreted to present a much smaller stretching of the 2- 
propyl-carbon-nitrogen bond. Seltzer also concluded that in this 
system both C-N bonds stretch in the same step, but to unequal 


degrees by the time the molecule reaches the transition state of 


the rate-determining step. 
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36 
In the case of the less symmetric azo compound a-phenyl- 


ethylazomethane (31a), thermolysis of a-phenylethyl-a-d,-azomethane 


ii 
CH, 
Roe 
Y Ca)eNi = OF =H 
31 (b) Y=D, X=H 
rv 


(c) Y=H, X =D 
(31b) (15c) gave an isotope effect, ky / kp» of 1.13, (Table VI) and 
a-phenylethylazomethane-a' ,a' ,o.'—d., (31c) (15c) produced an isotope 
effect, ky / kp» of 0.97. These observations led Seltzer (15c) to 
the conclusion that 31 reacts via a two step mechanism. The rupture 
of a-phenylethyl-C-N bond occurs in the rate-determining step, while 
the rupture of the methyl-C-N bond in the unstable methylazo radical 
occurs in a subsequent fast step. The inverse a-effect for the 
thermolysis of 31a VS. 3ic has been interpreted as a small amount of 
tightening of the azomethyl-C-N bond during the stretching of the 
benzylic-C-N bond. Thus, Seltzer and co-workers (15) have established 
that the substitution of hydrogen by deuterium on the nitrogen bearing 


* by 89 to 114 cal per deuterium 


carbon of an azoalkane increases AAG 
(i.e., a 12 to 15% decrease in the rate per deuterium at 105°) when 
that carbon-nitrogen bond is breaking in the rate-determining 
transition state. 


Secondary a-deuterium isotope effects for other radical 


reactions are recorded in Table VI. 
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(ii) Effect of the Second Kind 
Secondary 8-deuterium isotope effects have been studied 
independently by Boozer (44) on the autooxidation of 2-phenylpro- 
pane-l-d, Seltzer (45) on the remo ace of azo-bis-a-phenylethane- 
B,8,8-d., Rummel (46) on the thermolysis of azo-bis-isobutyronitrile- 
dios Koenig (47) on the thermolysis of t-butyl perpivalate-d,, 
Crawford (12, 18) on the thermolysis of 4-methyl-1-pyrazoline-4-d 
(15) and cis- and trans-4-deuterio-3-methyl-l-pyrazolines (20 and 
21, respectively), the results of such studies are reported in Table 
VII. The $-isotope effect has been interpreted in terms of hyper- 


conjugative stabilization of the radical by the 8 C-H bonds in the 


transition state. 


(d) Inverse Deuterium Isotope Effects 

Several + stale (48, 49, 50, 51, 52) have provided strong 
evidence that an inverse isotope effect (k,<k)) is the rule in 
addition reactions to double bonds, Table VIII. It has been 
interpreted in terms of increase of bending ened CH bonds (sp0) 
into the tetrahedral configuration (an in going from the ground 
state eS to the transition state Goo 

Szware and co-workers have studied the addition 
reaction of methyl radicals to styrene-1,2,2-d, (53) and styrene- 
2,2-d, (54) in isooctane at 50°C and 65°C respectively. Although 
in the expected direction, the magnitude of the isotope effects 
(Table VIII) were smaller than calculated (82%) on the assumption 


of a tetrahedral transition state. In view of this the authors 
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Inverse a-deuterium isotope effects 


Reaction 


Addition of a variety of reagents to 


2 
KSCN catalyzed isomerization of maleic 


acid-2,3-d, 


Polymerization of C H.CD=CH, 


Polymerization of CH.CD=CH, 


Polymerization of CH CH=CD, 


Polymerization of CH CH=CD, 


(2+2) Cycloaddition of diphenylketene 


with 8,8-dideuteriostyrene 


CH.CD=CD, + CH radicals 


C.H.CH=CD. + CH radicals 


CD,CH=CD, oe asl 
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concluded. that the configuration of the transition state deviated 
only slightly from that of the initial state (i.e. the CH bonds 
are only slightly bent). 

Similar considerations might apply to the small rate- 
enhancement observed by Takahasi and co-workers (55) on the 


addition of preformed hydrogen atoms to propylene-d,, Table VIII. 
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PORTO SLE. NM 


As stated in the historical section, the mechanism of 
l-pyrazoline thermolysis has been suggested (12, 13) to involve 
the rupture of both carbon-nitrogen bonds simultaneously in the 
rate-determining step of the thermolytic reaction, and that a 
nitrogen free intermediate is formed. This interpretation arose as a 
result of a progressive decrease in activation energy on going from 
1 to 9. The decrease per methyl group, approximately 1.2 kcal 
Delon was that expected by analogy with azoalkane thermolysis 
(12). The increase in rate and decrease in activation energy by 
methyl substitution have been attributed to the extra stabiliza- 
tion by the methyl group of the unpaired electrons in the transition 
state. However, 1.2 kcal nate per methyl group is comparable 
to steric or conformational factors encountered in cyclic compounds 
(e.g., 1,3-diaxial interactions), thus the increase in rate could 
arise from an increase in ground state energies. 

The synthesis of 1-pyrazoline-3,3-d, (34) and 1-pyrazo- 
UGE Sab Ae ry apie st 


4 


possibility of any conformational complications, or serious changes 


(35) was undertaken in order to eliminate the 


in non-bonded interactions, that might be present in methyl-1l- 
pyrazolines. We hoped to further elucidate the mechanism of 1- 
pyrazoline thermolysis by measuring the magnitude of the secondary 
a-deuterium isotope effects in the thermolysis of 34 and 35 to see 


whether a step-wise mechanism or simultaneous two-bond cleavage 
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mechanism is operating in the rate-determining step (15). 

It has also been indicated in the historical section, 
that Mishra (12) and Erickson (18) have provided strong kinetic 
evidence for the existence of a common intermediate, in 1-pyrazo- 
line thermolysis, which leads to cyclopropane and olefin in 
eystlios’ se processes. We desired further proof of this and so 
undertook to prepare 1-pyrazoline-4-d, (32) and 1-pyrazoline-4,4- 
d, (33) on the basis that propylene formation from ] required a 
hydrogen shift whereas cyclopropane formation does not. Therefore, 
if hydrogen migration is concerted with nitrogen elimination then 
one would observe a primary kinetic isotope effect in the thermolysis 
of 32 and 33. Otherwise the effect of deuterium substitution on 
C-4 of 1-pyrazoline ring would be reflected in the product-determining 
step if the migration of hydrogen occurs after the rate-determining 


step. 
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(A) The Synthesis of Deuterated 1-Pyrazolines 


Four deuterated l-pyrazolines 32, 33, 34 and 35 were 
F a EE el ~_ 
synthesized from the mercuric oxide oxidation of the corresponding 
pyrazolidines which in turn were prepared from the reaction of deu-~ 


erated 1,3-dibromopropanes with anhydrous hydrazine. 


1 32 BS 
~ i ~~ 
D D D 
i XO 
34 39 


(a) 1,3-Dibromopropane~2-d, was prepared by the radical 


addition of deuterium bromide(56) as described by Kharasch and 


Mayo (57). 
h 1) NOH /Ethanol 
CH,=CH-CH,Br + DBr geen beeuHpensouecr Meee ee 2 
‘ 2) HgO/Ether od 


(b) The remaining deuterated dibromides were prepared by 


refluxing a mixture of 48% hydrobromic acid and sulfuric acid with 


the corresponding deuterated 1,3-diols, which in turn were prepared 


as follows: 
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( i) 1,3-Dihydroxypropane-2,2-d, was prepared by the 


2 
reduction of diethylmalonate-2,2-d,, obtained by four successive 


exchanges of diethylmalonate with sodium ethoxide in ethanol-O-d, 


with lithium aluminum hydride in dry ether. 


CO,C.H CO; Gi 
a? Na0C,H./C,H_OD a nc 
Y Ble PY ES 
oN Se iN 
COC oH. CO,CoH. 
1) LiA1H,/Ether 
2) HBr, H,S0, 
Y 
1) NoH,/Ethanol 
ek << BrCH,CD.CH,Br 
~ (PES IY | 


2) Hg0O/Ether 


(ii) 1 ,3-Dihydroxypropane-1,1-d, was synthesized by reducing 


8-propiolactone with lithium aluminum deuteride in dry ether. 


=O 1)LiA1D,/Ether ‘lg NH, /Ethanol 
| | BrCH,,CH,CD,Br Pesce Se Se 
O'py 2) HBr, 'H,SO 2) HgO/Ether 
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(iii) 1,3-Dihydroxypropane-1,1,3,3-d, was obtained by the 


reduction of diethylmalonate with lithium aluminum deuteride in 


dry ether. 
CO,C oH. 
1) LiA1D, /Ether 1) NoH,/Ethanol 
HAC im nmeer coppers 27a? bP Te Br ——————_—_———> 35 
2) HBr, H,SO, | 2) HgO/Ether as 
COZCLH 
7S Be 


All diols were converted to the corresponding dibromides 
without isolation. 

All of the foregoing deuterated 1-pyrazolines (32 tows} 
were purified by gas chromatography, using a 20 ft. 10% Ucon- 
insoluble on Fluoropak Column. Further purification was carried 
out by trap to trap distillation under vacuum at -80°C. 

The infrared (ir) spectra for 32 to 35 in carbon tetra- 
chloride showed no sharp absorption between 3100-3600 Emin and 
1600-1700 ae characteristic for >N-H and  -C=N— groups 
respectively, but all showed a medium absorption at 1545 ene 
which indicates the presence of -N=N-group as shown in Figure l 
for 1-pyrazoline (1). Further proof for the presence of -N=N- 


group comes from the ultraviolet (uv) spectra of 32 to 35 which 
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48 
showed an absorption at Sans = 315 nm (ec = 446 in methanol) (11). 
The nuclear magnetic resonance (nmr) spectrum (Figure 2) for oe 
in carbon tetrachloride shows a triplet centered at 1 5.68 (J = 
8.3 Hz) and a quintet centered at t 8.57 (J = 8.3 Hz) with an 
integration area of 2.00:1.00 respectively. The nmr spectra 
for compounds 32 to 39 are shown in Figures 3 to 6 respectively. 
If coupling by deuterium is ignored then, compound 32 showed that 
the triplet at t 5.68 in the spectrum of 1 becomes a doublet in 
the spectrum of 32. The integration ratio of the doublet to the 
quintet was found to be 3.80:1.00, implying that deuterium atom 
a incorporated into the C-4 position of l-pyrazoline ring as 
expected. Compound 33 showed only a singlet at t 5.68, and the 
quintet at t 8.57 has almost completely disappeared. This indicates 
that two deuterium atoms are incorporated at the C-4 position cf 
j-pyrazoline ring. Compound 34, showed two triplets at t 5.68 and 
t 8.57 respectively, with an integration ratio of 1.00:1.00 as 
expected for complete deuteration of C-3 of the 1-pyrazoline ring. 
Only a singlet was shown by compound 35 centered at t 8.57 and there 
was no detectable absorption at t 5.68. This indicates that C-3 
and C-5 of the 1-pyrazoline ring are completely deuterated. The 
mass spectra of these compounds 32 to 35 were also obtained as a 


check on the deuterium content of each (see Experimental). 
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Figure 3 


Solvent CCl, 


P2M, H’ 
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Figure 5 
Solvent CCl 
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(B) Kinetic Studies 


The reactor which was described and used by Mishra (10) 
and devised by Smith (58) was used to measure the rates of therm-— 
olysis of compounds 1, 32, 33, 34, and 35. The reactor was 
constructed in such a way that the rate of increase of pressure 
with time inside the system could be measured in terms of the rate 
of increase of electromotive force (emf) with time as indicated on 
a strip chart recorder. A transducer was used to convert the 
pressure reading into emf. First order kinetics were observed 
to greater Phan 95% completion. 

The rate constants of thermolytic reactions were obtained 
from the data in the following manner. For a first order gas phase 


reaction of the type A —* products, it is known (59) that, 


a a 
ee B03 thee Peo 7 Po a 
t po a p? 
oo t 
where k is the first order rate constant, t is the time, P* is 
the actual pressure inside the reactor. 
It is known that the relationship between the emf caused 
by pressure change on the transducer can be expressed, provided 
that the pressure is not greater than one atmosphere,as follows, 
E=ap+t+b (7) 
where a and b are proportionality constants depending on the 
particular transducer. 
In our system the observed pressure is, 
pP=P"-P (8), 
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52 
where P.. is the pressure required to push the diaphram against 
the needle, a constant quantity. 


Then, from equations 7 and 8, we get, 


E=a[P° -P] +b or Panera (9). 
x a = 
Substituting equation 9 in 6, we get, 
EnL=VFE 
Sead LES oo O 
k = : Log Enes E (10), 


where Es is the transducer emf after more than nine half-lives and 
E. is the emf at time t in seconds. EG is not reliable in our 


measurement, because of insufficient time to allow the system to 


attain equilibrium after the compound is injected. Therefore, 


- kt S : 
mg0s one’ Lerey*,) + ¢ (11). 
From the linear equation 11, a plot of Log [E, - EJ 
versus t gives a straight line with a slope equal to Ls 


from which k is obtained with a high precision since a large 
number of points can be obtained from the chart record. Generally 
10 points were used and the values were taken at regular intervals 
over the first two half-lives of the reaction. However, to have 
an indication of the error limits associated with the best fitted 
values of the constants in a linear equation, the least squares 
method of numerical solution was used (60). 

Equation 11 has the form of 

Ver sD ae Ci 2) 


where y = Log [E, - EJ]; b = -k/2.303; x = t and a=c=Log [E_ - EO]: 
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The application of the above method is shown in the 
evaluation of k for 1-pyrazoline (1), given in Table IX. The 
graphical plot of Log [E, -E,] versus t is shown in Figure 7 and 
illustrates the good first order behaviour. The least squares 


method gives the following best fit values: 


Pe MBE aye oe xey 80 .06205°mioe (13) 
2.303 2 2 
nzx — (2x) 
or k = 23.82 x 100 ee caee 
2 
Pam tog tie — bj = (a= EXEXY = 516949 (14). 
"0 oO 2 2 
nz=x — (rx) 


The probable error in b is Py given by 


n 
ems Nine 7 (15) 
where 
Bin 0.6745 ¥ 2ymacbx) = 0.00429 (16) 
From 15 and 16, P. abe eyes be Tome giving the corresponding 
error in k as SAR E228 x nee eras ras Oe A 1008 seca Thus, 


hee ( 23.8240 921) *x 107" pacle obtained by the least squaresmethod 


agrees well with the value of 23.82 x ieee ee obtained from the 
graphical plot. The largest error is derived from difficulty in 
maintaining a constant high temperature for a long period of time, 
which was found to vary within + 0.05°C; thus causing a probable 


error of about 0.8% in rate constants near 502°K (61). 
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Figure 7 


Plot ofslog tk — E.) vs. t for the 


thermolysis of l-pyrazoline at 229.40+0.05° 
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The over-all precision in each run is excellent as 
indicated by the data in Table: IX and Figure 7, 
The rate constants and the secondary oa- and f8-deuterium 
isotope effects of the 1l-pyrazolines studied are given in Tables 


X and XI. 


eA > Loe 


Rate constants and secondary kinetic isotope effects for 
the thermolysis of a-deuterated l-pyrazolines at 229.404+0.05° 
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Rate constants and secondary kinetic 


isotope effects for the thermolysis of §-deuterated 1-pyrazolines 
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(C) Product Analysis and Isotopic Labeling Studies 


1-Pyrazoline (1) has been reported by Mishra (12) to 
give cyclopropane, propylene and nitrogen upon thermolysis. The 
determination of product composition was not carried out on sample 
trapped directly from the reactor after each kinetic run, because 
of the gaseous nature of these products and the uncertainty associ- 
ated with their complete trapping. Instead, samples of 2.0-2.4 u- 
litres of 1, 32, 33, 34 and 35 were introduced by means of a 
microsyringe inside pyrex bulbs of approximate capacity of 0.5 
millilitre. Each sample was then completely degassed by means of 
a high vacuum system and subsequently sealed. Then the samples 
were heated by suspending the degassed tube inside the vapour of 
refluxing n-butyl benzoate at 241°C for greater than nine half- 
lives. After the thermolysis was complete each bulb was placed 
inside a bulb crusher, Figure 10, connected to a gas chromato- 
graph. Helium was allowed to flow through until the system 
reached equilibrium. Then the bulb was crushed in the stream of 
helium which carried the products directly onto a 20 foot column 
of mineral oil on firebrick in tandem with a 20 foot column of 10% 
diethylmalonate on Diatoport for separation. The retention time 
of each component was compared with that of an authentic sample 
for identification. Product proportions were determined by 
integrating the area of each peak using a planimeter. Four deter- 
minations were made on each compound, and the results are the 


average of at least five integrations. The results of these 
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determinations are given in Table XII, 

It has been demonstrated by Mishra (12) that propylene 
formation in l-pyrazoline (1) thermolysis arises by hydrogen 
migration from the central methylene of the trimethylene inter- 
mediate to the terminal one. Thus, upon thermolysis of 32 one 
would expect propylenes to be formed from either hydrogen or 
deuterium migration, and in proportion depending on the migratory 
aptitude of hydrogen relative to deuterium (i.e., the magnitude 


of the isotope effect) as shown in Scheme III. In the case 


Ree Ee eer: 
A 36 
32 
H H ee 
ae 
D 
CH _D-CH= 
9p CH CH, 
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Scheme III 


of 34 thermolysis hydrogen can migrate either to the deuterated 
terminal methylene or to the undeuterated one. The ratio of the 
propylenes formed depends then on the rate of hydrogen migration 
to the deuterated methylene group relative to the rate of hydrogen 


migration to the natural methylene group, as shown in Scheme IV. 
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Cyclopropane and propylene 


yields on thermolysis of pyrazolines at 241° 
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These expectations were examined, by isolating the 


propylenes formed from 32 and 34 after each kinetic run using the 
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same column and gas chromatographic technique as mentioned earlier, 


Then each sample was distilled under vacuum into an nmr tube, 
containing carbon disulfide and tetramethylsilane, at liquid 
nitrogen temperature. The tube was then removed from the vacuum 
rack and submitted for nmr analysis so as to determine the 
position of deuterium in the propylenes. Because of the low 
boiling point of propylene the nmr analyses were carried out at 
-50°C so as to ensure that all the propylenes are condensed and 
dissolved in the solvent. 

The relative proportions of isomeric propylenes 36 and 
37 were determined in the following manner; if N36 is the mole 
fraction of 36 present and N35 is the mole fraction of 37 then 
R, the integration ratio of aliphatic to olefinic protons may 


be expressed as: 
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and the ratio of 36:37 is 


mbes (Sue BR) 


N37 (3R - 2) 


Similarly for 38 and 39 we get 
i ~~ 


38 39 
> 3n +n 
38 39 
and 
"38 _ (3 - R) 
N39 (3R - 1) 


Integration of the nmr spectrum of the propylene produced from 32 


indicates a 60:40 mixture of 36 to 37, thus an intramolecular 


isotope effect, Real koass of 1.50+0.08. Similarly from the 


integration of the nmr spectrum of the propylene produced from 34, 
peratio of 52:48 of 38 to 39 was obtained, thus an inverse intra- 


molecular secondary isotope effect, radia o£ 0.9220 045 
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DedyS ChU 8 Ssl40-Nn 


The rate constants and the secondary g-deuterium isotope 
effects in the thermolysis of g-deuterated 1-pyrazolines 34 and 
35 are recorded in Table X. 

The thermal decomposition of l-pyrazolines to nitrogen 
cyclopropanes and olefins can proceed by two possible mechanisms. 

( i) A concerted two~-bond cleavage. 
(ii) A stepwise or one-bond cleavage. 

As was stated in the historical section, Seltzer and co- 
workers (15) have established that deuterium substitution in the 
a-position of azoalkanes brings about 89 to 114 cal moles per 
deuterium increase in aact when that position is undergoing a 
hybridization change from Ae to na in the rate-determining 
transition state. If we accept these values of pact as a limit, 
then we can effectively calculate the predicted values of the isotope 
effects, in the thermolysis of 34 and 35, in terms of the above 
mechanisms. The isotope effects will be calculated by making use 
of the following equation (15a), 


sact = 2302.81 tog 7 a7) 


where AAGt is the change in the free energy of activation, n is 
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the number of deuterium atoms per molecule, R is the gas constant, 
T is the absolute temperature and ky and ky are the rate constants 
for breaking a CH,-N bond and a cD,-N bond respectively. 

(i) The concerted two-bond cleavage mechanism wherein both 
carbon-nitrogen bonds of l-pyrazoline are being cleaved simultane- 
ously in the rate-determining step as shown in Scheme V, kj> ky), 
and k35 are the observed rate constants for the thermolysis of 1, 


34, and 35 respectively. 
_ wae 


k 
L : > HA YH, + No ——-> Products 
key, Pa 
34 —— H,? ‘3D. +N, —m~ Products 
— 2 2 Z 
B35 a 
5s > D.: =D. +N. —m——~ Products 


Scheme V 


If we use the lower limit of AAT (ver389 cal A om: 
per deuterium) and make the substitution in equation (17), then 
a concerted two-bond cleavage mechanism would be predicted to 
yield the isotope effects shown in Table XIII. On the other hand 
if we substituted the upper limit of AAGt (2.6. (L149 Cal per 
deuterium), then the above mechanism would be predicted to yield 


values of isotope effects as shown in Table XIII. 
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(ii) The stepwise or one-bond cleavage mechanism wherein 


only one carbon-nitrogen bond is breaking in the rate-determining 
step and the second carbon-nitrogen bond cleaves in a faster 


succeeding step as shown in Scheme VI. 
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Scheme VI 


If we assume ks = ky and kn = kp» then by considering Scheme VI, 


ky of 2k Koy, = ky “f ky and k35 = 2k) . then 
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as es . . (18), 


tokens ya, 19) 

ky6 (19) 
and 

k % = fs 

iy th “te 

K55 Ze D 


If me accept the same values of act as limits and then 
substitute the predicted values of k/kp» at 229.4°C, in equations 
18, 19 and 20 we can calculate the observed ratio of rate constants 
for the one-bond cleavage mechanism as shown in Table XIII. 

It may be seen from Table XIII that our observed values 
of isotope effects are consistent with those predicted in terms 
of a concerted two-bond cleavage mechanism. 

An additional argument can be presented from the data 
in Table X. If we assume that l-pyrazolines thermolyzed via a 
one-bond cleavage mechanism, then from the observed value of the 
a-effect in the thermolysis of 35, equation 1/would yield an 
increase in aact equal to 168 cal per deuterium. This is larger 
than any value of aact encountered in other "unimolecular" 
reactions (see Table IV and VI). But if we assume that both 
carbon-nitrogen bonds are being cleaved simultaneously in the 


rate-determining step, then the value of aact reported in Table X 
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is in good agreement with those values of AAGt recorded in Tables 
‘IV and VI. 

The rate constants and the secondary 8B-deuterium isotope 
effects observed in the thermolysis of compounds 32 and 33 are 
reported in Table XI. 

The f-effect per deuterium atom observed in the thermoly- 
sis of 33 and the 8-deuterium isotope effect observed in the thermolysis 
of 32 (Table XI) are similar in magnitude to those observed by Mishra 
(12) in the thermolysis of 15 and Erickson (18) in the thermolysis of 
20 and 21 respectively, Table VII. The magnitude of these 8-deuterium 
isotope effects are somewhat larger than those normally found in other 
radical reactions, see Table VII. However, comparisons with other 
systems are difficult in that in the trimethylene species produced the 
hydrogens attached to the central methylene are 8 to both newly formed 
ae centers. It has been pointed out by eae (22), that hyper- 
conjugative interactions play an important role in stabilizing the 
trimethylene species. It may be in fact just this hyperconjugative 
interaction that is giving rise to the enhanced 6-deuterium isotope 
effects. Hodnett (62) has observed, in the photochlorination of 
isobutane a value for the secondary f-tritium isotope effect on the 
isobutyl radical. This would tend to suggest 18 cal Sener for the 


B-deuterium ereeci A considerably smaller effect has been 


(See page 16, in the Historical section). 
Data for deuterium and tritium can be related by the equation derived 


1.44 


by Swain, et al. (63a); and by Bigeleisen (63b); ky ( ky, 
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69 
observed by Seltzer and Hamilton (45) for the 1-phenylethy1-2,2,2-d, 
radical; (see Table VII), however, delocalization of the radical may 
account for the suppression of hyperconjugation in this system. 

The proportion of cyclopropane and propylene formed on 
the thermolysis of each of the pyrazolines is indicated in Table 
XII. Deuterium substitutions on the pyrazoline ring tend to alter 


these product proportions. These proportions are controlled by 


the product-determining steps (Scheme VII)(12, 13). 
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Scheme VII 


The decrease in propylene yield on going from J] to a2 


nS 
can be explained in terms of the trimethylene intermediate wherein 
hydrogen has a greater propensity to migrate from the central 
methylene to the terminal one than does deuterium. This is consis- 
tent with the ratio of 60:40 for CH,=CD-CH, to CH, =CH-CH,D 


calculated from the integration of the nmr spectrum of the propylene. 
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CH 


This ratio corresponds to an intramolecular mechanistic isotope 
effect Kk Ofe1.5020,03. which is similar with the value 1.50 
obtained by Setser and Rabinovitch (2d) in the thermolysis of 
1,2-dideuterio-3-methylcyclopropane. The further decrease in 
propylene yield on going from 32 to 33 is consistent with the 
above observation. There may be a small secondary isotope effect 
upon . However, this is not expected to be greater than 1 to 
2%, since, using Hammond's postulate (64) which states, “If two states, 
as for example, a transition state and Peter iik intermediate, 
occur consecutively during a reaction process and have nearly 
the same energy content, their interconversion will only involve 
a small reorganization of the molecular structures," We would 
expect the transition state to resemble strongly the intermediate 
rather than propylene. This can be shown graphically in Figure 8. 
It has been suggested (12) that cyclopropane arises 
eon the cyclization of the trimethylene intermediate. We desired 
further studies of the effect of deuterium substitution at C-4 
of the 1-pyrazoline ring on the rate of the cyclization of tri- 


methylene species to cyclopropane. In the case of the trimethylene 
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Figure 8 ~- 


intermediate produced from 32, the analytical data from Table XII 


indicate that: 


k 
cy [- S921 
32 10.79 (21), 


where Ky is the rate constant for cyclization of the trimethylene 
intermediate produced from 32 to cyclopropane, Kae and ke are 
the rate constants for propylenes formation by migration of 
hydrogen or deuterium, respectively and 
x 
cy _ 88.43 (22) 
lL SH RRSY/ : 
aH 


From the aforementioned nmr data Kak = 1.50, then by substi- 


tuting this value in equation 21 we get; 
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32 
k 
cy 2 89.21 
32 10.79 (23). 


205 ky 


Then dividing 22 by 23 we get 


1 ace 
k xe 5 
Sh aS OK 3. alee - 29-49 X 1. 
c ky a 88.43 x 10.79 : (24). 


2x2 - Ko? O9F 27) Exell 57 
Cy 


There may be an isotope effect on aes 


H? due to the non-migrating 


deuterium when compared with ge Wiberg has shown that isotope 


effects of this type are in the order of 1% (65). Therefore we 


can assume that ky = 1.01 aa and by substituting this value in 


equation 24, we find that: 


fe = 1.13 ee 
cy cy 


Similarly if we go through the same type of calculations assuming 


ats = 1.01 Ke wa find ‘that: 


Peoseeeie 3 
cy 


Thus deuterium substitution at the 4-position of the pyrazolines 
slows down the rate at which the trimethylene intermediate cyclizes 
: Pe 8) 
to cyclopropane. The quantity is similar to that observed for sp 
" 2 
carbons going to sp . 
Integration of the nmr spectrum of the propylene produced 


from 34 indicates a 52:48 ratio of CD,H-CH=CH, to CD,=CH-CH.,, thus 
a 2 2 2 3 


4 
an inverse intramolecular kinetic isotope effect for ke >" Of 0.92) 
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This is consistent with the observed increase in propylene formed 

from 34 relative to 1, Table XII. Inverse isotope effects of this 
magnitude have been observed earlier in reactions involving the change 
of hybridization of a deuterated carbon from one to ae (Table VIIT) 


(6b). 


D D 
“34 a 34 H H 
aan D ky 
e e > 
H CH, 


H D H CDH 


The further increase in propylene yield on going from 
34 to 35 is consistent with an isotope effect of 0.92 in the product- 
determining step. The magnitudesof these inverse secondary isotope 
effects are smaller than those normally observed from an an to sp 
conversion in the transition state (see Table VIII reactions 1 to 
7), but are similar to those observed by Szware (53, 54) and 
Takahasi (55) (Table VIII reactions 8 to 10). These observations 
provide additional evidence that the transition state resembles 
the trimethylene intermediate rather than propylene. The isotope 
effects on the cyclization reactions of the trimethylene inter- 
mediate produced from 34 and 35 are calculated in the following 
manner: 


The analytical data in Table XII indicate 


cy _ 87.99 (25) 
Bima 34 12.01 
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Then by dividing both the numerator and the denominator of the 


left side of equation 25 by read we get 


34 
cy TIRE 
«34 vinta Sek 
34 
(+. 8s 
34 ,, 34 P 
But ky ky = 0.92 from the nmr observations, then 
34 
k 
cy be 87.99 C7) 
bas Ke 12.01 
Then by dividing equation 22 by equation 27, we get, 
a 34 
ko = 2.09 ka se 88.43 x 1a (28) 
T = Seep gE SCE ae — ee ae e 
Kot oh: AME Mie i RC, 
cy H 
al 34 


Assuming that ky = ky » on the basis that the changes in hybridization 
occurring are the same in each case, then we find that: 


c= 1.00 Kt 
cy cy 


* 
Similarly by assuming that ke = ea we find that: 
ccs EN IAC bs ae 
cy 
This assumption seems justified on the basis that any secondary 
B-isotope effect would be expected to be smaller than the 
secondary a-isotope effect which is itself very small (see the 


previous assumption). 
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These observations suggest that there is little or no change in the 
C-H force constants of the terminal methylene groups of the tri- 
methylene intermediate on going to cyclopropane; a fact borne out 
by the very similar frequencies of the C-H stretching vibration of 
cyclopropane (3075 and 3009 Beata (67) and the terminal methylene 
stretching frequencies of propylene (3089 and 2991 Biigts (68). 

The CH, bending, wagging, and rocking modes for cyclopropane (1475 
975, and 854 PREG) band bthemter minal CH, of propylene (1420, 
963, and 921 ae (68) similarly have a compensatory effect such 
that the total change in the C-H force constants on going from the 
trimethylene species to cyclopropane is negligible. 

It is evident that this study of secondary kinetic 
isotope effects is consistent with the proposed formation of the 
trimethylene intermediate in the thermolysis of 1-pyrazoline, and 
provides a strong case for the cleavage of both carbon-nitrogen 


bonds in the rate-determining transition state. 
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All boiling points are uncorrected. 

The deuterated and natural l-pyrazolines were purified 
by gas-liquid chromatography (glc) using a Wilkens Aerograph 
Autoprep Model A-700 with a 20 ft column of 10% Ucon-insoluble 
on Fluoropak support. Product analyses were carried out ona 
gas chromatograph consisting of a Gow-Mac Model TR-2-B,W thermal 
conductivity cell with a Gow-Mac Model 40-50 power supply in 
conjunction with a Sargent Model SR recorder. 

Deuterium analyses were carried out on a Metropolitan- 
Vickers MS-2, single focussing mass spectrometer. The infrared 
spectra were obtained on a Perkin-Elmer Model 421 spectrophoto- 
meter. The ultraviolet spectra were obtained on a Carey Model 
14M Spectrophotometer. The nuclear magnetic resonance spectra 


were obtained using a Varian A-60 and an HR-100 spectrometer. 


(A) Preparations 


(a) Pyrazolidine. Toa well stirred solution of 972% 
anhydrous hydrazine (20.5 ml, 0.591 mole) and 98% ethyl alcohol 
(150 ml), under nitrogen atmosphere and at 70°C, was added 
dropwise (over a period of four hours) a solution of 1,3-dibromo- 
propane (29.59 g, 0.1478 mole) in 98% ethyl alcohol (15 ml). The 
stirring was continued for an additional half-hour. During the 


reaction an oily precipitate of hydrazinemonohydrobromide settled 
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77 
out. The mixture was then cooled for several hours while stirring, 
and the crystalline hydrazinemonohydrobromide was filtered off. A 
slight excess of solid potassium hydroxide was added to the cooled 
filtrate and the precipitated potassium bromide was removed by 
filtration. The alcohol and unreacted hydrazine were evaporated 
under reduced pressure and the residue was vacuum distilled 
through a 30 cm Vigreux column as quickly as possible. The yield 


was 6.5 g (50%4), collected between 60-71°C (54 mm). 


(b) 1-Pyrazoline (1). To a cooled (0°C) stirred mixture of 
mercuric oxide (33.0 g, 0.15 mole) and anhydrous sodium sulfate 
(24.0 g) in dry ether (125 ml ), was added dropwise a mixture of 
the pyrazolidine in dry ether (20 ml). After the addition was 
completed the mixture was allowed to slowly warm, with stirring, 
to room temperature over a period of two hours. The mercury, 
excess mercuric oxide, and sodium sulfate were then filtered off. 
Most of the ether was then removed by distillation through a 30 cm 
Vigreux column. The residue was subsequently separated on a gas 
chromatograph and the 1-pyrazoline was collected as a pure fraction. 
The yield was 2.9 g (30% over all yield from 1,3-dibromopropane). 
The nmr and ir spectra are shown in Figures 1 and 2 respectively. 


The uv spectrum has a aes at 315 nm(e = 446 in methanol). 


(c) Deuterated 1-pyrazolines. The deuterated 1-pyrazolines 
Teas p34, and 35 were prepared from the corresponding pyrazoli- 
dines which in turn were synthesized from the 1,3-dibromopropanes 


by the same method described above for the preparation of natural 
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l-pyrazoline (1). The deuterated 1,3-dibromopropanes were 


synthesized as below. 


1,3-Dibromopropane —2-d,. Deuterium bromide, generated 


by the addition of deuterium oxide to freshly distilled phosphorous 


tribromide as described by Leitch et al.(56), was added photo- 
chemically to freshly distilled allyl bromide using the procedure 
of Kharasch and Mayo (57). Ina typical run allyl bromide (22.08 g), 
0.1825 mole) was dried by distillation in vacuo over phosphorous 
pentoxide, then distilled in vacuo into a 2 litre flask. Deuterium 
oxide, in a quantity large enough to saturate the allyl bromide 

was also distilled into the flask. Deuterium bromide was generated 
and trapped over phosphorous pentoxide. It was then distilled in 
vacuo into the reaction flask containing the allyl bromide. The 
flask was allowed to come to room temperature, and was then 
illuminated with a 500-watt incandescent projection lamp at a 
distance of 13 cm. Dibromopropane began to condense on the 
interior wall of the flask a few minutes after illumination. The 
yield of 1,3-dibromopropane was 35.3 g (95%), bp 165°C. The nmr 
spectrum peed a doublet centered at t 6.48 and a quintet at 

t 7.68. The areas under each curve were found to be in the 


martiaq.of 3/82:1.00. 


1,3-Dibromopropane-1,1,3,3-d,. A solution of freshly 


distilled diethylmalonate (24.5 g, 0.15 mole) in dry ether (160 ml.) 


was added dropwise to a well stirred solution of lithium aluminum 
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deuteride (99 atom % D) (6.75 g, 0.16 mole) in dry ether (350 ml ) at 
such a rate as to maintain steady reflux. After completion of 
addition, the refluxing was continued for an additional three hours, 
cooled to O0°C, and water was added slowly to decompose the excess 
deuteride. The solution was then acidified with dilute hydrobromic 
acid, the ether layer removed by distillation, and the crude product 
in the aqueous layer converted, without isolation, to the dibromide 
by the addition of 48% hydrobromic acid (116 g) and concentrated 
sulfuric acid (50 ml). The mixture was then refluxed for seven 
hours. Ten to 15 ml of 48% hydrobromic acid was added at the end 

of each hour. The 1,3-dibromopropane was then distilled out of 

the solution, the organic layer was washed several times with 
potassium carbonate solution and dried over anhydrous sodium sulfate. 
Distilation gave 12.7 g (40% yield based on diethylmalonate), bp 


165°C. The nmr spectrum showed just a singlet at t 7.68. 


Ethanol-O-d. Deuterium oxide 99.7% (70 g, 3.5 mole) was 
added with stirring under anhydrous conditions to boron triethoxide 
eicory, 1.166 mole). . The mixture was then heated to 50°C for a 
period of two hours. The ethanol-O-d was then distilled off using 
a fractionating column. The distillate was redistilled and collected 
to yield 156 g of alcohol, bp 77.8°C. The nmr spectrum displayed 
no absorption for the O-H group. The ir spectrum showed a strong 
absorption at 2470-2490 aiet, which is characteristic of O-D 
absorption. No detectable absorption was found between 3590-3650 


nt for the O-H group. 
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Diethylmalonate-2,2-d,. A mixture of freshly distilled diethyl 
malonate (54 g, 0.337 mole) bp 94-96° (18 mm) and ethanol-0-d 
(69.1 g, 1.47 mole) containing sodium metal (0.18 g) was heated 
in the absence of water to 45°C for a period of 9-10 hours. The 
deuterated diethyl malonate and alcohol were then separated by use 
of a Vigreux column. A total of four exchange reactions were 
carried out using fresh ethanol-O-d each time. The extent of the 
exchange reaction was followed by observing the nmr spectrum for 
the disappearance of the methylene signal at t 6.92 after each 
successive exchange. The deuterated diethyl malonate was finally 


distilled and dried over anhydrous sodium sulfate. 


fo -Dibromopropane—2 ,2-d A solution of freshly distilled diethyl 


>" 
malonate~2,2-d,, (3950 ~,. 0.253 mole) in 224 ml of dry ether was 
reduced with lithium aluminum hydride (11.85 g, 0.253 mole) in 
515 ml dry ether. The work-up and conversion to the dibromide was 
carried out in the same manner as previously mentioned for the 


tetradeuterio compound. Distillation gave 29.5 g (57% overall 


yield) bp 165°. The nmr spectrum showed a singlet at Tt 6.53. 


1,3-Dibromopropane-1,1-d.. A solution of freshly distilled 6- 
propiolactone (14.4 g, 0.2 mole) in dry ether (160 ml) was added, 
with stirring, to a solution of lithium aluminum deuteride (< 99 
atom %D) (4.2 g, 0.1 mole) in dry ether (300 ml). The work-up 
and conversion to the dibromide was carried out in the same manner 
as for the aforementioned tetradeuterio sample. Distillation gave 


16.5 g (40.4% yield based on 8-propiolactone), bp 165°C. The nmr 
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spectrum showed a triplet centered at t 6.48 and a triplet 


centered at t 7.68. The areas under each curve were found to be 


foetne ratio of 1.00:1.00. 


(B) Deuterium analysis 


The nmr spectra for the deuterated 1-pyrazolines 32, 33, 
34 and 35 are shown in Figures 3, 4, 5, and 6 respectively. The 
low voltage (10 ev) MS-2-H mass spectra showed that the molecular 
ions have a mass of 71, 72, 72 and 74 for compounds 32, 33, 34, 
and 35 respectively. Mass spectral and nuclear magnetic resonance 
analysis indicated that compound 32, is 95.1% deuterated in the 
desired position, compounds 34 and 35 are greater than 98% deuterated 
in the positionsindicated. The mass spectral analysis for compound 
33 gave the following results 88.6% C,H,D,N,, 11.3% C,H DN,» and 


Sha 25.2" Sis, 


0.1% C,HLN,. 


(C) Kinetic Measurements 


All kinetic studies were carried out on the reactor 
which is shown diagramatically in Figure 9. The reactor system 
is essentially the same as that designed by Smith (58), and used 
by Mishra (10). The working procedure was also that used by 
Mishra (10). Some variation in the attached glass apparatus 
Bee bean made by Cameron (69). Samples were injected into 


the reactor as neat liquids. 
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Figure 9 


Schematic diagram of the apparatus used for the kinetic studies 


to vacuum 


nitrogen 


A = Reactor B = Diaphram 

C = Relay D = Transducer 

E = Recorder F = Calibrated needle 
valve 

G = Solenoid valve H = Manometers 

J = Small ballast K = Large ballast 

L = Cold traps M = Heaters 

N = Thermocouples O = Cold junction 


P = Potentiometer Q,R,S,T,U,V = Stopcocks 
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(D) Product Analysis 


( i) The bulb crusher. Product compositions were studied by 
pyrolyzing degassed samples in sealed pyrex bulbs which were heated 
and then crushed directly in the helium carrier gas flow by the use 
of a bulb crusher, Figure 10, and the products were analyzed by gas 
chromatography. 

(ii) Identification and quantitative analysis of the products. 
All products were identified by comparison of their relative 
retention times with those of authentic samples on three different 
columns; 8 ft 20% di-n-butylmaleate on Fluoropak, 20 ft mineral 
oil on fire brick in tandem with a 20 ft 10% di-n-butylmaleate on 
Diatoport, and 20 ft saturated silver nitrate in propylene glycol 
on Diatoport in tandem with 20 ft 10% 1,2,3-tris(2-cyanoethoxy) - 
propene (TCP) on fire brick. The second column was more useful 
for better separation and quantitative estimation of the products. 
The relative retention times for the products on these three 


columns are given in Table XIV. 
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Schematic diagram for the bulb crusher 
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Relative retention data for the 


thermolysis products of l-pyrazoline 1 


Column Healdiniesliow Relative re- 
Column temp. -1 Compound tention time 
‘Ga rate(ml min ") No = 1,000) 
! g cox - 
8", 20% n-butyl 25 23 Cyclopropane Li sia 8 
maleate on fluoro- Propylene 126 


pak 


20', mineral oil on Cyclopropane 2.67 


a5 43 
firebrick in tandem Fropy lene 1.75 
with a 20', 10% n- 
butylmaleate on 
Diatoport 
20', saturated silver Cyclopropane 1¢25 
nitrate in propylene 25 50 Propylene 2.30 


glycol on Diatoport 
in tandem with a 20', 
10% TCP on firebrick 
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CHAPTER II 


TsNeteR O.DU CTT ON 


(A) Gas Phase Thermolysis of Azoalkanes 


The most important reaction of azoalkanes is their 
tendency to decompose into alkyl free radicals and molecular 
nitrogen under the influence of heat or light (70). Azomethane, 
the parent compound of the azoalkanes was found to produce upon 
thermolysis, apart from nitrogen, ethane as the main product with 
some ethylene, methane, and higher hydrocarbons being formed 
concomitantly (70). There is a large body of information to 
indicate the presence of methyl radicals in the thermolysis of 
azomethane (70,71). It has been shown that the initial products 
of thermal and photochemical decomposition are capable of removing 
metallic mirrors(72) and that azomethane initiates the thermal 
decomposition of ethane and propane (73). Overberger and Berenbaum 
(74) have shown that the racemic and the meso forms of diastereo- 
meric azonitriles not only decompose at the same rate, but yield 
identical mixturesof diastereomeric succinonitrile derivatives, 


as shown below. 


R 
Foes | 2 F ake 
_C-N=N-C- ae valtens fe. prRfecsataen 

Ry-CNAN-C-R, g + Ry-C——O-Ry 
CN CN CN CN 


racemic or meso meso and racemic 
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Also, a mixture of two azonitriles bearing different substituents 
yields not only the symmetric products, but also the unsymmetric 
one. 


—-N=N— 4- —~N=N— SSS eee ie 
R,-N=N-R Ro-N=N-R, > RR, 4 RoRo + RJR, + Ny 


This class of compounds has been used as a source of radicals to 
initiate polymerization reactions. 

It has been shown (70) that the gas phase thermal 
oe rinn of azoalkanes produces molecular nitrogen and alkyl 
free radicals. The initially formed radicals not only combine to 
give the corresponding alkane, but can also undergo further pro- 
cesses such as radical disproportionation, addition to the nitrogen- 
nitrogen double bond (70, 75, 78a) of the azoalkane, or hydrogen 
abstraction from the Drea tanean as shown below. 


A 


R-N=N-R  ————® R- +R +N, 
Rid pap) ies Sos ere 
R* + R- setae olefin + alkane 
a ee ees R,-N-N-R 
R+ + R'-CH,-N=N-R eee eer pt CoN NCR 


When the alkyl groups are larger than methyl, resonance 
stabilization of the resulting radical suggests preferential 


abstraction of a-hydrogen atoms from the azoalkane. 
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Frost and Rice (75a) found that the addition of ethylene, 
propylene, and nitric oxide to the thermolysis of azomethane (40) 
reduced the rates of nitrogen and methane formation and that nitric 
oxide is a more efficient inhibitor than are the olefins. The 
yields of methane, ethane, and ethylene were reduced to almost zero 
upon the addition of a sufficient amount of nitric oxide. These 
observations led the authors to suggest a short chain in azomethane 
thermolysis. . 

Activation energies for the unimolecular decomposition 
of azoalkanes indicate that the more stable radicals are more 
readily produced (Table XV). Thus an increase in the reactivity 
of azoalkanes can be achieved by means of stabilizing groups such 
as phenyl, cyano, and alkoxycarbonyl groups at one or both a-carbon 
atoms. 

The unimolecular decompositions of azomethane (40), methyl- 
azo-2-propane (41), and azo-bis-—2-propane (42) were first studied 
by Ramsperger (76) and their activation parameters are in Table XV. 
He concluded that both carbon-nitrogen bonds are being cleaved 


in the rate-determining step (equation 29) rather than by a process 


R-N=N-R' A »R. +N, +R! (29) 
of one bond at a time (equation 30). 
A ' 
R=NEN-R' = R-N=N> ER 


ie Re + N, (30) 
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Cohen and Wang (40, 80) noted that in a comparison of 
azomethane (40), azo-bis-2-propane (42), azo-bis-1-phenylethane (47) , 
and azo-bis-diphenylmethane (53), that symmetrical substitution of 
a pair of methyls or a pair of phenyls for a-hydrogens had an 
approximate additive effect on lowering of the activation energy 
(see Table XV). This observation, in conjunction with an additional 
comparison of phenylazodiphenylmethane (51) with phenylazotriphenyl- 
methane (52) and azo-bis-diphenylmethane (53) (Table XV), led them 
to conclude that the contribution of radical stabilizing groups, 
in both alkyl fragments, are observed as decreases in activation 
energy in the rate-determining step, consistent with a simultaneous 
cleavage of both carbon-nitrogen bonds. 

Overberger and DiGiulio (41) have provided additional 
support for the conclusion that both alkyl groups attached to the 
azo linkage participate in the rate-determining step. They have 
considered compounds 46 and 47 in Schemes VIII and IX. 
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Scheme VIII predicts that the rate of thermolysis of 47 should be 
two times that of 46, a simple statistical factor for the breaking 
of the a-phenylethyl carbon-nitrogen bond. Scheme IX implies that 
the resonance stabilization of the second phenyl group should con- 
tribute to a decrease in activation energy, on going from 46 to 

47, such as to make ky > 2k... They observed a difference in the 
rate of 37-fold on going from 46 to fd, and thus concluded that both 


carbon-nitrogen bonds are breaking in the rate-determining transition 


state. 


(B) Polanyi Relations 
Evans and Polanyi (82) have carried out a number of 
Bet erions of sodium atoms with a series of alkyl halides, 
Ro= X + Na ————_ > Nak + .Re, 
and from examining the shapes of the potential energy curves for 
these reactions, they deduced that a simple relation exists 


between the changes in the heat of reaction and in the activation 
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energies, as shown below. 
E. =..0.AH.-F..C (31) 


where E, is the activation energy, AH is the heat of reaction, and 
a and C are constants. They found that the reaction holds with 
variation in R. The validity of this relationship (equation 31) 
has been tested by a variety of reactions. Trotman-Dickenson and 
co-workers have found that the equation holds for the reactions of 
methyl radicals (83a), bromine atoms (83b, c) and difluoroamino 
radicals (83d) with alkanes, and the possibility to apply the data 
for iodine as well was suggested for each of the reactions in the 
series 

ex +R“ H =—— XH + Re 
(R = CH, CoH. i-C,H_, 
the strength of the bond being broken, i.e.,D(R-H) because the HX 


tC, Ho» etc.) AH is then represented by 
bond is being formed irrespective of the change in the alkyl 
radical. Then equation 31 takes the form 

E = a[D(R-H) - C ] 

A straight line has been obtained from the plot of ES against D(R-H) 
for each series of reactions as shown in Figure ll. 

The Polanyi relationship is confirmed by the linearity of 
the plot. Subsequently this relationship has been used to determine 
the bond dissociation energy of related hydrocarbons by interpola- 
tion. It has been emphasized (84) that this type of relationship is 
only applicable to reactions of radicals or atoms with a series of 


closely related compounds. 
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Figure 11 


D(R-H)keal 


Polanyi plots of EVs. D(R-H) for reactions X + 
RH = XH +R: A, iodine atoms; B, difluoroamino 
radicals; C, bromine atoms (E, displaced by +4kcal; 


D, methyl radicals. 


(Taken from Ref. 84) 
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It has been demonstrated by Seltzer et al (15) that the 
replacement of a hydrogen by a deuterium on a carbon undergoing a 
hybridization change from apn to ae during a reaction, produces 
a decrease in rate of 12-15% per deuterium, at 105°. This repre- 
sents a change in free energy, AAGt, of 89 to 114 calories per 
mole per deuterium, and is referred to as a secondary o-deuterium 
kinetic isotope effect. 

Since our results, in Chapter I, are directly dependent 
upon the magnitude observed for this effect we have attempted a 
further test of its validity. If we could enhance the observed 
kk /kp values to a point where the rates observed by a two-bond 
cleavage mechanism, Scheme X, are distinguishable from those rates 
predicted for a stepwise mechanism then such a test exists on 
simple algebraic grounds (see below). 

The selection of the azo compound to be used in such a 
test must take cognizance of the following conditions: 

(a) Since the observed kk / kp values are temperature 
dependent, i.e.,1n k/ky = AAG" /RT, then the measurement of rate 
will be facilitated by using an azo compound that thermolyzes at 
a conveniently low temperature, e.g., 75-150°. 

(b) The larger the number of a-deuteriums the larger 
the observed rate changes. 

(c) It is desirable to carry out such a reaction in 


the gas phase since we are less likely to observe possible ionic 
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side reactions and since we have available an accurate method of 
measuring the rate of such gas phase reactions. 
Azo-bis-3-propene (54) fulfills the above requirements 


as closely as possible. We have undertaken the synthesis of 54 


Do 
55 
54 
2 
56 


along with its -d, (55) and -d, (56) analogues. 

— 2 4 on 

If we examine the kf ky values predicted for 54, 55, 
and 56 from Seltzer's values of 89-114 cal Roleas per deuterium 
at 150° we see that the concerted two bond cleavage mechanisn, 


Scheme X, suggests those values of NU ik k54/K56> and koo/ks¢ 
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listed in Table XVI. 
If however, the mechanism is that analogous to Scheme 


XI, wherein only one carbon-nitrogen bond is undergoing cleavage 
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in the rate-determining step and the magnitude of the kinetic 
isotope effect for two deuteriums is that given by ke i/kees then 


assuming that ky = ky and ky = k, we predict the values for ke / Kos 


and keo/k respectively,by the relationships in Table XVI. The 


56’ 


predicted values for those cases wherein key Ks6 is observed to 
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be 1.525 and 1.717 are listed in Table XVI. It is to be noted 
that in the concerted symmetrical cleavage process that ko, / ks 
has the same value as kyo /kee and that key ko6 is simply the 
square of this value. For the one bond cleavage scheme the value 
of keo/kge is simply the median value between unity and koy/ ke 6: 
The larger the value of k/ky observed the larger the difference 


between the values of kool ke predicted by the two mechanisms. 
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RO oe Gel S 
(A) Synthesis 


The synthesis of azo-bis-3-propene (54) was achieved by 
the mercuric oxide oxidation of the corresponding hydrazine (58) 
which in turn was obtained from the hydrolysis (96) of diethyl-N,N'- 


diallylbicarbamate (57) with an aqueous solution of potassium 


hydroxide in methanol, 


CH, =CH-CH CH,,-CH=CH H CH,-CH=CH 
2 Ee 2 2 on Wie, gies 2 
N—N SR ETT ae N—N 
AS CH.,0H,H,0 ) PAM ORE 
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Hg0/Ether 


ALON OEE 


54 


one 


Diethy1-N,N'-diallylbicarbamate (57) was reported by 

LF RAR Se CL a A SOP ed BV Ca 7 
Zweig and Hoffmann(85) in 1963. They prepared the compound 57 
from the reaction of allyl bromide with the dianion (60) of diethyl 
azodicarboxylate, generated by the reaction of potassium metal 
with diethyl azodicarboxylate in dry DME(1,2-dimethoxyethane). 


However, this procedure was not followed due to the low yield (40%) 
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and the difficulty of preparing a monoallyl derivative needed for 
subsequent preparations. Instead, the dianion (60) was generated 
from the addition of sodium hydride to a solution of DEHD 
(diethyl hydrazodicarboxylate) (59) in dry DME. The dianion (60) 
solution was then allowed to react with allyl benzenesulfonate in 


DME under a nitrogen atmosphere; the yield of ou was 832. 


H H nit a 
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57 


The nmr spectrum of 57 (Figure 12) displayed signals for the 
methine (multiplet .4.2t), vinylidine (multiplet ~4.9r)  alivi 
and methylene (overlapping doublet and quartet ~6.0t), and methyl 
feiplet centered at 8.81) protons with integration values of 


1.00:2.02:3.98:3.01; calcd. 1:2:4:3. 
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The structure of os was established in the following 
manner. Microanalysis was found to be consistent with the formula 
CoH N.- In the mass spectrum the molecular ion has a mass of 110 
which is also consistent with the formula CoH No: The ultraviolet 
spectrum shows hn at 358 nm (e = 24 in methanol). The infrared 
spectrum (Figure 13) has no absorption above 3100 ah ta character- 
istic of nitrogen-hydrogen bonds. The nmr sepa Ae (Figure 14) 
shows signals corresponding to vinylidine (multiplet at ~5.48t), 
methine (multiplet ~4.57t), and allyl (doublet at 6.281), protons 
with a V:M:A ratio of 2.01:1.00:1.99 as expected for compound 34, 


Pared, 2:21:52, 


The synthesis of 3-propenyl-azo-3'~propene-3' ,3'-d, (55) 


Throughout this thesis the protons of the terminal methylene 
groups shall be referred to as vinylidine protons (V) that proton 
on C, will be referred to as the methine proton (M) and the tetra- 
hedral set as the allylic protons (A), and the integration 


ratios of their nmr spectra will be consistently quoted in the 


following order: 
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Pen, F* 


Figure 14 


(External TMS) 


Figure 15 


(External TMS) 


Figure 16 


(External TMS) 
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H ie J 
NaH = 
ae oe a a eT 
H / 
C, 505% CO,C oH. CHH.0,C CO,C oH. 
59 61 
ra gee 
CoH, S0,0CH,-CH=CH, 
CH,—CH=CH H CH.—CH=CH 
e na 2: 2 __Nall ae ee 2 2 
te DME et 
C,H.05€ COC 4H. CiH.0,€ COC oH. 
63 62 
—~_ ——~ 
-CH=CH 
C(H.S0,0CD, CH 9 
— _ —_ = aH 
CH, =CH Te ES CH=CH, 1) KOH /CH,0H, 1,0 2 Do be: 
N— See > \ 
ne NS 2)Hg0/Ether A Na ae 
H 
C,H.0,C c0,C. 5 
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Special precaution was taken to minimize the probability of diallyl 
27 formation during the monoallyl 62 synthesis. The crude monoallyl 
compound 62 was subjected to a careful fractional distillation, by 
means of a spinning band column, to separate the pure monoallyl 
compound 62 from traces of the diallyl compound 57. This further 
purification was a necessary step so as to ensure the absence of any 
diallyl compound 57 as a source of azo-bis-—3-propene (34) in the final 
product. The nmr spectrum for 55 is shown in Figure 15. Integration 
of the nmr spectrum gave a V:M:A ratio of 2.02:1.00:0.98. This 
indicates that deuterium scrambling did not occur to any appreciable 


extent to the vinylidine position. 


The synthesis of azo-bis-3-propene-3,3-d,, (56) was 
accomplished in the same manner described for the preparation of 
54, except that allyl-a,a-d, benzenesulfonate was used instead of 
the allyl benzenesulfonate. The nmr analysis revealed that 14.5% 
of the total deuterium was scrambled to the vinylidine position 
during the reaction. To avoid this scrambling we tried to prepare 
the diallyl compound b? by introducing the o-deuterated allyl 
groups in a stepwise manner similar to the method used for the 
preparation of the diallyl compound 64. Hydrolysis of 6/7 and 
subsequent oxidation of the hydrazine formed furnished the deuterated 


azo compound 56. 
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H H H 
aed SEE 
N-N NaH | N-N 
2 Ee ae Jo os 
24505 2° os G5H50,0 Boots 
59 61 
CH.SO,0CD,-CH=CH, 
CH, =CH-CD re 
; pes CH=CH CD X 
> NaH 
NEN a N-N 
peice coc — eS 
245°5 2° Hs CoH 5058 CO our 
66 65 
CH.S0,0CD ,-CH=CH, 
CHy=CH-0D, fPqz CH=CH, 1) KOH/CH.OH, H,0 % 
N-N Meee MebRd 4 ae 
c.1.0,0  co,caH Die TAs Pe 
24504 2° o's 
67 36 


The nmr spectrum of compound 56 is shown in Figure 16. The allylic 
protons signal at Tt 6.28 has not completely disappeared and the 
integration gave a V:M:A ratio of 1.77:1.00:0.275. This ratio 
indicates that 13.9 % of deuterium also underwent scrambling by 


this method of preparation. 


(B) Kinetic Studies 
The thermolysis of 54 was carried out in the same reactor 
o~ 


as that used for the thermolysis studies in Chapter I. The kinetic 
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studies were done at six different temperatures, and rate constants 
were evaluated from the slopes of the plots of Log (E, - EY) vs. time. 
The linearity of the plot confirms the good first order behavior 
(Figure 17). 

The effect of temperature on the rate constant is given 


by the Arrhenius equation 32, 


-E/RT 
k=Ae (32)5 


where E. is the activation energy and A is the frequency factor. 


Equation 32 can also be expressed in the logarithmic form 33. 


Ss » fi 
2.303R 3 T (33). 


2.303R 


Log k = Log A - 


Thus, plotting log k ee gives - 


7" as the slope, from which 


the activation energy E, can be obtained. Once E. was found, log A 
was calculated from equation 33. However, both parameters were 
calculated by the least squares method. 

For a gas phase reaction 

Aut = ee (34), 
where aut is the enthalpy of activation and n is the order of the 


reaction (59). For a first order reaction, equation 34 becomes 


ant = E. —-IRT (a5ie 


From the transition state theory (59) 


aut _ast 
q Ht /RT: <ASHAR (36), 


! 
k - <3 x 
where k', h, and T are defined as before, and aut and ast are 


the enthalpy and entropy of activation, respectively. Combining 


equations 32, 35, and 36 gives an expression for ast, 
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Figure 17 
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Plot of log (E, - E) vs. t for the 


thermolysis of azo-bis-3-propene at Ba Jet oS Ia 
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| Ah 
AS = R In Kite (37)" 


h 
or ast = 2.303R [Log k'te te Log Al (38). 


Equation 38 was used to calculate the entropy of activation at 
750.0°C. 

The rate constants and the activation parameters of the 
thermolysis of azo-bis-—3-propene (54) are given in Table XVII. Data 
for the least squares calculation (88) of the activation parameters 


are shown in Table XVIII. 
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Rate constants and activation parameters 


for the thermolysis of azo-bis-3-propene (54) 
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24 2525 06/ 11.06 E. = 36.06+0.16 
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; 161.650 25.90 Ast =+49,88+0.36 
e.u. 
5 161 °%7 50 265 2 
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From the data in Table XVIII, 


y = bxt+a 
-E 
bs a 1000 
bog KD 3038 BEEt1000 tT 7 Moe 4 
eee pb = Dixy) -2 xty 
2.303R 


ies ~ (0 


6(-38.622004) -— 231.202945 
6( 32.390558) - 194.276207 


= —7,.880118 


ES = /,8c0lts x 2.303 x 1.987 
= 36.06 kcal 
Ex?Zy - EXD xy 
Log A=ae= 5} 5 
n=x —- (2x) 


(32.590598)(-16,58/6). = (13.9383) (385622004); 
0.067141 


15.54 
The Arrhenius equation for thermolysis of a4 therefore becomes 


= 191554 9 (-36-06/RT) 
Ah 


= 2.303 R Log k'Te 


50.0 


4.576 (Log A - 10.3201 - 2.6265 - 0.4343) 


HT 


570. Gls 54 215. 3009) 


9.88 e.u. 
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The probable error in the slope (60) (P,) is given by 
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where Ss is the probable error of the residuals. 


2 
0.6745 oye = bx sa) 


P = 
yi n- 2 
phy Aamaiee 
P = 0.6745 epee 
y, 4 
= 0.00376 
P,, = 0.03555 


The error in the activation energy E, in keal/mole can now be 


calculated. 


Error = Py x 2.303 x 1.987 = 04462" kcal 


E = 36.06 + 0.16 kcal.mole 


The probable error of the intercept (60) Cpe) is given by 


rx2 
Pas D D 
y n=x  —- (2x) 
7 al 32.390558 
meee 316 0.067141 
= 0.0825 


Log A = a = 15.54 + 0.08 
and ast ao 5o °0.50" e.u. 

The rate constants and the secondary a-deuterium kinetic 
isotope effects in the thermolysis of the deuterated azo compounds 
25 and 56 are recorded in Table XIX. 

The rates of thermolysis of compound 54 were determined 

at three different pressures. The results of these determinations 
are shown in Table XX. There is no dependence on pressure of the rate 


of decomposition as expected for a reaction following first order 


kinetics. 
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Pe A Le te ee 
Rate constants and secondary kinetic 


isotope effects for a-deuterated azo-bis~3-propenes 


4 
Compound RFC hy a aH 
(sec ~) ky 
54 161.65 253, 98 
a 161.65 25.86 
Any 825400207, 05 
161.75 26025 
16 rao 267 
Av. 26.20+0.04 
55 161.65 22.69 
oF 161.65 22713 
Av. 22.76+0.06 151420 ,004 
56 161.75 20.7 
cm 161775 20.65 
16in7 5 203169 oy! 
Avy. 20./020.06 1. 26+0.004 
a la I RISES i aA case nection oe ale el resin 
* 
Uncorrected for deuterium scrambling (see Discussion). 
Ad Dali oti ey 
Rates of thermolysis of azo-bis-3-propene 
(54) at different pressures and 158.612°-C 
eee 
a 
Sample's volume Pressure k x 104 
in.>wlitre ture (sec ~l) 
30 41 19.45 
60 82 ye b- 
90 123 19532 
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ra 
(C) Control Runs 


(i) For the nmr analysis of compound 56 special attention 
was made to obtain high precision in integrating the spectrum. For 
this reason the nmr spectrometer was calibrated several times 
against a sample of pure azo-bis-3~-propene (54) until the inte- 
gration ratios were reproducible in every determination and a 
V:M:A ratio of 2.01:1.00:1.99 was obtained. The nmr analysis 
was then carried out ona sample of compound 26. The spectro- 
meter was then rechecked by using the sample of pure azo-bis-3- 
propene (54) which after the averaging of three scans gave a 
VeMsooratszo. of 2.01:1.00:1.99.%. Compound 56 gave a V:M:A ratio 
oeel.7/071.000:0.275 corresponding. to.,13.9%, of; the. total 
deuteriums being at the vinylidine position. An aliquot was 
injected into the reactor for 32 minutes at 142°C, corresponding 
to 40% completion. The reactor was then pumped out and the 
reactants and products trapped on the vacuum line. The recovered 
azo compound was then purified by preparative gas chromatography 
and using the above mentioned procedure a V:M:A ratio of 
1.568:1.000:0.323 was observed, corresponding to 17.1% of the 


deuteriums at the vinylidine position. 


Product stabilities - Doering and Toscanno (97) have examined the 
stability of 1,1,7,6-tetradeuterio-1,5-hexadiene and have found that it 
does not rearrange until temperatures from 250-350° have been attained. 


Thus our products are stable under the reaction conditions. 
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(ii) The mass spectral analysis of compound 23 displayed 
a molecular ion which has a mass of 112 consistent with CoHeDNo» 
and a trace of molecular ion at a mass of 113 which corresponds 
to the natural abundance of qe and ha isotopes. The analysis 
displayed no molecular ions at higher masses than those indicated. 
The mass spectrum for compound 36 was also determined which showed 
a molecular ion of a mass 114 consistent with CoH.D,No: Therefore, 
this method of analysis could be used to examine the possibility of 
compound 26 formation during the thermolysis of 35. Thus a sample 
of 35 was heated to 50% decomposition, the recovered sample was then 
submitted for mass spectral analysis. The analysis showed two 
molecular ions with masses of 112 and 114, which correspond to the 
dideuterio 55 and tetradeuterio 56 compounds. The amount of 56 


produced judging from the peak intensities was about 2 to 3% of the 


total amount present. 


(D) Product Analysis and Deuterium Labeling Studies 


The quantitative yield of the products in the thermolysis 
of 54 was checked in the following manner. In a particular 
thermolysis, 65 mg of 54 was injected into the reactor at 250° se 
When the thermolysis was completed, the reactor was pumped out, and 
the weight of the hydrocarbon products trapped from the reactor 
was found to be 48.7 mg (99.1% yield). Gas chromatographic analysis 
of ae material showed it to be greater than 99.9% 1,5-hexadiene 


with a trace of propylene. Similar results were obtained using the 
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bulb-crusher technique for sample analysis. All products were 
identified by comparison of their retention times on three different 
columns with those of an authentic sample. The structure of 1,5- 
hexadiene was further confirmed from the comparison of its mass 
spectrum and nmr spectrum with those of an authentic sample. The 
nmr spectrum (Figure 18) displayed vinylidine (multiplet ~5.06rt), 
methine (multiplet at ~4.23t), and allyl (unresolved triplet centered 
at 7.88t) protons, with a V:M:A ratio of 2.01:1.00:2.01. The nmr 
spectrum of the 1,5-hexadiene produced from the thermolysis of 

25 is shown in Figure 19. Integration of the nmr spectrum gave a 
VeMsA ratio of 3.02:2.00:3.03. The nmr spectrum of the 1,5- 
hexadiene-d, (Figure 20), produced from the thermolysis of 56 
displayed a V:M:A ratio of 1.00:1.00:1.02. The mass spectrum of 

the 1,5-hexadiene produced from the thermolysis of 55, displayed 
evidence of three molecular ions with the following masses: 82, 

84, and 86 which is consistent with CoH, 9» CHD.» and CoH ED, 
respectively. The mass spectrum of the 1,5-hexadiene produced from 
56 thermolysis showed only one molecular ion which has a mass of 

86, consistent with Sane Quantitative data from the mass spectral 
results on 1,5-hexadiene were not attempted due to the complexity 


of the mass spectrum and its sensitivity to changes in ionization 


potential. 
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Figure 18 


Solvent CCl 
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(see page 121) 
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Figure 20 


Solvent CCl, 


(see page 122) 
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The thermolysis of azo-bis-3-propene (54) is unique in 
that there is no induced decomposition. The allyl radicals produced 
in the thermal decomposition seem to be unable to produce propylene 


by hydrogen abstraction (70, 75, 78). 


Pes BONO BOO 


(minor process not more than 0.1%) 


Such a reaction is believed to be the principal type of 
chain process responsible for the induced decomposition observed 
by Forst and Rice (75). The azo-bis-3~-propene system however allows 


a different mode of induced decomposition to occur, i.e., 
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This process however can not be very important since the 1,5- 
hexadiene-d, produced by such a procedure would consist of 


essentially equal amounts of isomers: 


D 


D 
ZR eg: ard aa 


the nmr spectrum of which would display a V:M:A ratio of 1:2:3. 
The 1,5-hexadiene-d, produced from the thermolysis of 56 displayed 
a V:M:A ratio of 1.00:1.00:1.02. A similar case can be made for 
the products from the thermolysis of 55. 


A case can also be made for a molecular reaction of the 


type: 


Such a process would give rise to 1,5-hexadiene having all of its 
deuterium in the vinylidine position, and would give a V:M:A ratio 
of 0:2:4. That this is not operative can be seen from the values 


of the V:M:A ratio for the 1,5-hexadiene produced from 56 (see 
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above). 

The most probable sequence then seems to be that each 
labelled allyl group is capable of recombining in such a way as to 
statistically place either the deuterium bearing end, or the 
protium bearing end, to the vinylidine position of the product. 

If a statistical distribution of products is obtained 
from the thermolysis of 25 then the expected product proportions 


(in mole fractions) are: 


D2 D D2 
2 
LE ya ihe, Sa wat Kegon 
2 2 2 
0.0625 0.0625 OyL2) 


ope) Wiss) Oo22 


If these proportions exist then a V:M:A ratio of 3.00:2.00:3.00 

is expected. The nmr spectrum for the 1,5-hexadiene produced from 
55 showed a V:M:A ratio of 3.02:2.00:3.03 for the respective 
signals. While the 1,5-hexadiene is not readily amenable to mass 
spectrometry, we were able to observe a molecular ion peak corre~ 
sponding to C,H,D, at mass 86. The statistical distribution for 
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the combination of allyl radicals from 56 Tar 
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This would predict a V:M:A ratio of 1.00:1.00:1.00 for the intensi- 
ties of the corresponding signals in the nmr spectrum, the experi- 
mentally observed ratio is 1.00:1.00:1.02. 

The positive nature of AST +9. 8840.36 &.U,,15 such that 
a dissociative mechanism to produce radicals is more appropriate 
than an intramolecular concerted process. 

It is of particular interest to compare the activation 
energy for the azo-bis-3-propene (54) thermolysis (36.06+0.16 
keal RD with that of azomethare (55.5 kcal Tee} (75) cee Lie: 
decrease in activation energy, 19.4 kcal holea is attributed to 
a contribution from the allylic resonance energy to the rate- 
determining transition state. There is some doubt as to the 
correct value for the resonance energy of the allyl radical since 
theoretical (89) and early experimental results (90, 91) predict 
a value of 15-18 kcal melee More recently Benson (92) and 
Frey (93) have suggested smaller values of 13+1 and 12+1 kcal 
mole . Ina recent communication Golden, Gac, and Benson (94) 
have provided evidence for a value of the allylic resonance energy 
Or 29.6 kcal pelea and have stated that their study of the 


dissociation and recombination of the 2 allyl se 1,5-hexadiene 


$$ out 


q 
G. t { 
e = aon sr ee oe ee 
eo cd Sy = Sg 
;* S 
€£.0 = &.0 
n~ 
. . 
A 
“heer } ofa wot 08.1:00,.£;00.1 Jo ebgam AsMsV¥ & satbozg: bivow a 
Sy 
-~hyoqxs old ~mnmeosge wa edt of elengthe geri baoqeerz09 otf Jem 


.£0.1:00.2300.5 et olgay bavisedo yl 


jes} dove et ..u.9 d5.0458,0+, en 20 stuI350 svipteog adT 
mas” 
staisqoiqgs orom at elsotbar soubonq oF eeinedion ovtsafodeelb. a” 


- 


-Rapoo071g badiasanoo re luce Lomax3ak ns nada 


- = 


nelteavis id @tAgMOD of s207Int zelyottzeq to et 31 


>... 
at ety Bi 


50.38) zekeylosrieds (28) onequiq-t-ald-oxs ans 202 Ygt 


adr (20) “Cato {soa @.c2) amivemors to Jadd iotw ¢ ‘te tat 


- 7 
of botwdiasis a "sion Isod ALOE .vgzene notaevtios nik PY 


re. ae 


A 
= 
1. 


-a383 sff1 of eg7ans 92HENIBaT y oben ssi novi sottudh 


7 


i 


efi of os 3¢vab amoe ut 6uedy pedace coltlenszg ; guint 
somlie leolbex lyile sda 2o ygszens apna cena, i zo? sulev jos 


jalbei¢ (ie <ve) astiuass lescomhasqxe: visas ban 4e8), 


bua ($@) sees ylinsse7 orem a “ptom taot Si-Bh Se . v 
feod 1981 bos 441 30 eoulav rolleme besa art 


ae 


(ee) aouned ban ,on) ~aebLoo nok enh aummee, (eal. - 
er weber: 
ae a \. u 
Ecce - 
ca ; 
ee ee 


ecatbased-2,8 % iqite's eis hots ob ssa he - + a 


7 
— i" 


i < 
{S190 sonenoesy OLIiylis siz 20 sulev. toon 


edt io ybuze shed? 3ad3 basaia weds 
ie 


123 


system "must surely lay to rest any thought that the allyl 
resonance energy is much greater than 12 kcal oles In an 
earlier study on the thermolysis of 3-vinyl-l-pyrazoline (11), 
Cameron (13) found a decrease in activation energy of 10.2 kcal 


Ba | 
mole ~ upon replacing an allylic hydrogen with a vinyl group. 


S 


1 11 
os ~ 
E. 424205 Sekcal E. = 327,220. 2. kKeal 


The decrease of activation energy, 19.4 kcal stapler observed 

on going from azomethane to azo-bis-3-propene (54) then is 
essentially 2 x 9.72 and implies that both allylic systems are 
contributing their resonance energy of stabilization to a decrease 
of the activation energy. 

The 3% of scrambling of deuterium from the a,a- position 
to the y,y-position of the allyl groups during the thermolysis of 
azo-bis-3-propene-3 , 3-d., (56) , as revealed from the control run, 
is of particular importance when discussing the mechanism of the 
thermolysis reaction. This observation can be rationalized in 


terms of the following mechanism. 
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This is supported by the observation of the formation of the 

tetradeuterio azo compound (39) during the thermolysis of 35. 
However, this evidence does not rule out the possibility 

of deuterium scrambling through a one-bond cleavage mechanism as 


shown below. 
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The observed rate constants in Table XIX require cor- 
rections for (a) the scrambling of the label during the synthesis 
of 56 and (b) the scrambling of the label during the reaction. 
The rate constants are measured from points taken between 20 and 
80% completion wherein an estimated 10 to 12% of the scrambling 


process occurs. Thus for 55 there will be the compounds 54, 56, 68, 


69, and 70 in mole fractions fy, 3 fs: feg> f69 and fx 
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respectively. If we attempt the correction using equation 39 


55 
Bonet Ci54ts4 Mt 55%55 + Ssekse + fegkeg t Sgqkeq + Fap%sq 39) 


then we will require several assumptions since many of the mole 
fractions and rate constants cannot be observed directly. If we 
assume that deuteriums in the y-position, as in 68, 69, and 70, 
give rise to no decrease in rate relative to the corresponding 


* 
protio compound , then equation 39 becomes: 


_ Belanic-Lipovac, Boréié and Sunko have observed a k/k, value 
of 1.00 for the ethanolysis of 1,1-dimethylallyl chloride and 


1,1-dimethylally1-3,3-d, chloride (95). 
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Bone 
Kops > 69 t F790 * P54) 54 + S55 + fegdks5 + fagksg: 


Judging by the values of the control run, p.115, the amount of 
scrambled material will be approximately 10 to 12%, of which the 
amount of 69 formed will be less than 1% since it requires two 
events. If the scrambling process is random then 54, 56, 68, and 
70 will be produced in the ratio of 2:1:1:1. This allows a further 


simplification of the original equation to give: 


oD 
Kobs = 0.08 key + 0.90 kes ory LOR OWE Keg (40). 
If we now divide each component of equation 40 by key we obtain: 
ee ome =10 205) 450.90 7k -/k_, + 0.02 kk. /ke,. 
obs 54 ; : Sep perh 56 54 
1 : : 
The values of koo/ks, and ke6/Ksy are related in the following 
manner (see p.99): 
2 
ac gga 
55 K56 
aD A ; 
By using the value for Lesh and key, in Table XIX, and letting 
keoo/ke, = x we get the quadratic equation 41. 
0.02 x7 + 0.90 x - 0.799 = 0 (41) 


for which the values x = 0.87 and -45.9 are solutions. The former 
value corresponds to a kinetic isotope effect for 55 of k/kp sat Bit he 3 
the latter is negative and unrealistic. If the amount of scrambled 
material is as high as 18% then equation 40 becomes: 
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and the kl ky Value jis lio, 

The problem of correcting the observed rate constant 
in Table XIX for the amount of 68 produced during the synthesis of 
26 is simplified by the senile that the initial reaction mixture 
consists of only 56 and 68 with no 69 present. This corresponds 
to 72.2% of 56 and 27.8% of 68, with 10 - 12% scrambling occurring 
during the reaction some 69 is likely to be produced. If the 
allyl groups are again considered to scramble in a random fashion 
then the average value of mole sored of 56, 68, and 69 present 
are 0.66, 0.32 and 0.02 respectively. Using equation 39 and the 


same assumptions as those used from compound 55, we obtain the 
Fad 


equation: 
pe BrUU2 wept Ue Oe Keer tl. 00 ak 
obs : 54 : 5 ’ 56 
dividing this by key we obtain 
56 
k k 
<oP8 0.02 + 0.32 <2 + 0.66 =" (42) 
54 54 54 


Using the value 1.15 obtained earlier for kk /kp we can solve 
equation 42. The value obtained for the kp ratio is 1.35.4-1f 
an extreme value of 18% scrambling is used the above calculations 


render an equation corresponding to equation 42 of 


This assumption can be justified on the basis that no deuterium 
scrambling was observed in the second allylation step, i.e.,in 


going from 63 to 64 in the synthesis of 55 (a. 205)% 
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56 , 
(ors = 0.06 + 0.32 <2 + 0.62 
54 54 


This gives a ky/kp value for 56 of 1.38. 


jaa! 


Thus we can see, Table 


XXI, that using values that tend to overestimate the amount of 


rearrangement we get values for the kinetic isotope effect of 2? 


and 56 that are smaller than those expected on the basis of 


Seltzer's work. 


Te AD? ie kee cL. 


Corrected isotope effects for the thermolysis of 22 and 56 


% deuterium scrambling k/ky 
122 1 Rey Be 
182 Lebo 
AAG* /n cal ore 60-64 
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It may be seen that the correction in Table XXI is 


significant, however we feel that the magnitude of our kinetic 


isotope effect measurements are meaningful. 


We were hoping to 


get precision in our measurements in the order of 1 to 22, but 


because of the scrambling of deuterium the precision would not 
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be expected to be better than 4 to 5% for the kJ ky ratio (see 
Chapter II, the kinetic studies section). The magnitude of the 
isotope effects may be rationalized in the following manner. In 


an unimolecular reaction of the following type: 
R-X-R -————--—-—-—_> ZR. th X)(Re= alkyl radical), 


the energy diagram for such a reaction (Figure 21) can be repre- 
sented by two Morse curves A and B, for the reactant and the alkyl 
radical respectively, and a transition state located at xX along 
the reaction coordinate. Then, if we increase the stability of 


the formed radical (i.e., decreasing its energy state from E, to E,) 


i 
for such a reaction, then the approximate Morse curve for such a 
radical would be that indicated by C, which leads to a transition 
state located at Xx, along the reaction coordinate. It may be seen, 

as a consequence of this change that, beside lowering Es? the 
transition state for the new reaction is displaced by AX along the 
reaction coordinate (i.e., the molecules reach the transition state 
sooner). If we accept this as the case in our system, then, during 
the thermolysis of our allylic azo compounds, the molecules reach 

the transition state with less progress along the reaction coordinate. 
This means that the amount of C-N bond stretching, and the degree 

of change in hybridization has decreased on going from alkyl to 


allyl system. This is essentially an application of the Hammond 


postulate (64). 
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Figure 21 


> Reaction coordinate 


L32 


Polanyi Plot for Azo Compounds 


The possibility of observing a good Polanyi plot for the 
thermolysis of azoalkanes is enhanced by the eerie that induced 
decomposition in azo-bis-3~propene (54) is insignificant. When the 
activation energy of a well-studied azo compound is plotted against 
the bond dissociation energy of the corresponding R-H bond, then a 
fit as shown in Figure 22 is obtained. 

A least squares analysis using the data in Table XXII 


gives a best fit straight line of the equation 
E = 0.996 BDE(R-H) - 48.4 


The data gives a correlation coefficient of 0.998. Consequently 
there appears the possibility that the activation energy obtained 
from the thermolysis of an azo compound, wherein chain induced 
decomposition is suppressed, can be correlated with the bond dis- 
sociation energy of the corresponding R-H bond. This matter is 


under further study by K. Takagi at this time. 
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Polanyi plot for the thermolysis of azo compounds 
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Activation energies of some azo alkanes 


and bond dissociation energies of the corresponding R-H bonds 


— ee 


Compound ee 1 BDE (R-H) 

(kcal mole 7) (kcal) 
CH,-N=N-CH, 55.5 D(CH,-H) = 104.0 
CH—CH,—-N=N-CH CH, 48.5 D(C,H.-H) = 98.0 
CH, =CH-CH,-N=N-CH,-CH=CH., 36.06 D(C.H,-H) = 85.0 
(CH) ,C-N=N-C(CH,) 42.8 D(t-C,Hy-H) = 91.0 


(CH) .CH-N=N-CH(CH,) 40.9 D(i-C,H_-H) ES 
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(1) The decrease in activation energy, 19.4 kcal oleae 
on going from azomethane to azo-bis-—3-propene (54) is consistent 
with the cleavage of both carbon-nitrogen bonds in the rate- 
determining transition state. The recently observed value of the 
allyl resonance energy 9.6 kcal ate (94) is such that both allyl 


groups must be involved. 


(2) The mechanistic proof for the simultaneous cleavage 
of both carbon-nitrogen bonds sought after by the study of secondary 
deuterium kinetic isotope effects was not obtained because of the 
low values observed in the allylic system. These unusally small 


values may be rationalized in terms of the Hammond postulate (64). 


(3) The quality of the Polanyi plot obtained from the 
thermolysis of azoalkanes is such that further studies of these 


compounds are encouraged. 
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All boiling points are uncorrected. 

The purification of the azo compounds were carried out 
on the same column and Autoprep stated in Chapter I. The ultra- 
violet spectra were obtained on a JASCO ORD/UV-5 spectrophotometer. 
Deuterium analysis, product analysis, nuclear magnetic resonance 
spectra, infrared spectra, and mass spectra were obtained using 
the same instruments indicated in Chapter I. 

Microanalyseés were performed by the Microanalytical 
Laboratory of the Department of Chemistry, University of Alberta 


(Edmonton). 


(A) Preparation 


Diethyl N,N'-diallylbicarbamate (57). Into a 500 ml 
Morton Flask fitted with a condenser, dropping funnel, nitrogen 
inlet, and high speed mechanical stirrer was placed 57.2% sodium 
hydride (4.32 g, 0.18 mole) and dry 1,2-dimethyoxyethane (160 ml) 
(distilled from lithium aluminum hydride immediately before use). 
The reaction mixture was then stirred for 10 minutes under a 
nitrogen atmosphere. The reaction flask was kept at room temper- 
ature while diethyl hydrazodicarboxylate (59) (15.84 g, 0.09 mole) 
was added in portions to the well stirred mixture. After the 
addition was completed the stirring was continued for an additional 
three hours, then a mixture of allyl Peneenesul ona te (35 oon. 


0.18 mole) in dry 1,2-dimethoxyethane (40 ml) was added dropwise 
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to the solution of the dianion (60). The reaction mixture was then 
moderately stirred under nitrogen at 20°C for an additional fifteen 
hours. It was then treated cautiously with excess water, and the 
diallyl compound 37 was extracted with a total of 500 ml of benzene. 
Most of the benzene was removed on a rotatory evaporator, and the 
product was purified by distillation which gave 19.2 g (83% yield) 


bp 92-93° (0.5 Torr). The nmr spectrum is displayed in Figure 12. 


(a) N,N'-Diallylhydrazine (58). The hydrolysis of the 
diethyl-N,N'-diallylbicarbamate (57) was accomplished using the 
method described by Cohen et al.(96). Ina typical run, a solution 
of the diallyl compound 57 (16.6 g, 0.065 mole) and potassium 
hydroxide (14.6 g, 0.26 mole) in a mixture of methanol (60 ml) and 
water (15 ml) was refluxed under nitrogen atmosphere for three 
hours. Precipitated potassium carbonate was filtered off, an 
additional amount of potassium hydroxide (~3.5 g) was added and 
the mixture was refluxed for one hour then cooled and concentrated 
in chbyd at which time more potassium carbonate precipitated. The 
residue was extracted well with ether. The washings were dried 
over anhydrous sodium sulfate. Ether was then removed by fractional 
distillation using a Vigreux column. The product was distilled 
collecting 3.0 g (41% yield) bp 75-76° (42 Torr). The product was 
sufficiently susceptible to oxygen that a good microanalysis could 


not be obtained. 


(b) Azo-bis-3-propene (54). To a well stirred slurry of 


red mercuric oxide (25 g, 0.115 mole) and sodium sulfate (25 g) in 
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dry ether (140 ml) at O°C, was added dropwise a solution of 
N,N'-diallylhydrazine (58) (3.0 g, 0.0265 mole) in ether (30 ml). 
The mixture was stirred for eight hours, the ether solution was 
then filtered, concentrated and the azo compound 54 separated 

by preparative gas chromatography using a column temperature of 
90°C and 60 ml per minute carrier gas flow rate. The yield was 
diese -(>.LZ ) no = 1.5784. The infrared and nmr spectra are shown 
in Figures 13 and 14 respectively. The uv spectrum has A pa at 
358 nm (ec = 24 in methanol). 

PoerereGa Cd. fOr) Cth AN: «C,. 65.403 -H,29 17s Ni 25,43 
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Allyl-a,a-d, alcohol was prepared from the reduction of 


2 


acrylyl chloride with lithium aluminum deuteride using the method 
of Schultz et al.(86). The nmr analysis showed that the compound 


is greater than 99% deuterated in the desired position. 


Allyl-a,a-d, benzenesulfonate was prepared by the addition 


Z 


of allyl-a,a-d, alcohol to a mixture of benzene sulfonylchloride and 


2 
2,4,6-collidine at -4°C using the procedure described by Bergstrom 


Stealy (SJ dx 


N-Ally1-N,N'-dicarboethoxyhydrazine (62) was prepared in 
the same manner as for the aforementioned dthiiyi@tompatha 27; 
except that 57% sodium hydride (2.77 g, 0.115 mole) was added to 
a solution of diethyl hydrazodicarboxylate (20.33 g, 0.115 mole + 


10% in excess) in 1,2-dimethoxyethane (160 ml), Allyl benzenesulfonate 


(22.77 g, 0.115 mole) was then added to the monoanion (61) solution. 


BET 
) oO sLo es 4 oat 
— — ae ; 
1) tots at (olom 2080.0 ,g 0.£) cg) outsext =: ; ‘7 
eS 7 Pe DAY 
tyuloe telts oft. vod .irigks 4 103 boxshye a 
si) ° - 
>qgon os8 siz bas ing, 8 
romper Et giten wigaxgcdamoria ang setae 
~ Pt 
dt .9¢sx wot? ese reirsza9 stuniu usq- fa 08 bes 
vm $g4 bavetic£ oT 882.1 ie 
aT -elovisasqes t + bas the 
' “ 7 Be 
Coad ak “ a 
Mh ENDL A 708.29 a toMy Hi or; oe) x0 + 
Bhs 
eA éa ” . 
: at 
“oxl betagetq aéw tooo ks gh- “i, von“ Ly A afi mare 
sitkaie din <i “rb 
bixsiueb mow bmule mubdstt dtiw sbiroldy, ylyxoe 
: Ss ae > 
- ; ae 
vovwotln ebaylena «en odT ,(08)fe.30 xafyrioe Te 
Fy ; ,¥ ; , = 7 ; 4 : : 
1ieoqg besiasb sig mt bodeteduoh tt 2 a Bi 
Tago ig 2aw eipoaiol tigeeasenad ponee tr i 
shinoldalynotiva anskded Qo Smee m= 62 Lorloake ‘ghey kyl 


otjegred wi hedtrsaeb sat bo dea ed gotau 2° b= 20.90 
p 7 


ai vo = 
: if mei 
a 7 as = a 
fi bsisystqieaw | 2) onizs th seh odsaod suits tk Lae { = 
a a ie Oe rete 
, ve. baveqmos Iyfieth beret Jiams tots ahr ne 
om 


04 behba - ecw tettom €£t.0 e8 V8) ene uth bo 
d clade 
. + ofom t1L.0 .y €€. 6s) stelynodrsothon 


stanc?lu sanvenod, Witla Alm 094) peer 
.¢ be Aa 


‘Bol dufon ad oobi weve os oa 


139 


Purification and separation by distillation was carried out using 
a spinning band fractionating column, the yield was 16.5 g (592) 
bp 99-101° (0.5 Torr). The nmr spectrum (Figure 23) displayed a 
singlet at 2.241 (N-H), multiplet at ~4.14t (methine), multiplet 
at “4.881 (vinylidine), overlapping doublet and quartet at ~5.88r 
(allyl and methylenes), and a triplet at 8.75t (methyls) in the 


Peeromrges?t st. J0t2,09 70, 0psOe00, Calcd, Usli2°6°6. 


Diethyl N-allyl1-N'-(allyl-a ,o-d,)-bicarbamate (64) was 
prepared in the same manner as the aforementioned undeuterated 
diallyl compound 27; except that a solution of the monoallyl 
compound 62 (14.0 g, 0.0648 mole) in dry 1,2-dimethoxyethane (30 ml) 
was added to 57% sodium hydride (1.6 g, 0.065 mole) in 1,2-dimethoxy- 
ethane (150 ml). The dideuterioallyl benzenesulfonate (13.5 g, 0.675 
mole) in 1,2-dimethoxyethane (20 ml) was then added to the solution 
of the monoanion (63). Distillation gave 15.1 g of product (90% 


yield) bp 92-93° (0.5 Torr). 


co) 3-Propeny1-azo-3'—propene~3" ,3'-d,, (55). The preparation 
of 55 was accomplished from the hydrolytic decarboxylation of the 
diallyl compound 64 (15.1 g, 0.0585 mole) then subsequent oxidation of 
the resulted hydrazine using the same procedure used for the preparation 
of the aforementioned natural azo compound 34. The yield was 1.4 g (51%). 
The nmr spectrum (Figure 15) showed that it is over 98% deuterated 
in the allylic position of one of the allyl groups, mass spectral 


analysis (10 ev) showed a molecular ion which has a mass of 112. 
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Diethyl N,N'-(diallyl-a,a,a',a'-d,)-bicarbamate (67) 
was initially synthesized in the same manner as the undeuterated 
diallyl compound 57, except that dideuterioallyl benzenesulfonate 
was used. The nmr analysis revealed that about 16-17% of the 
total deuteriums were scrambled to the vinylidine positions of 
the molecule. This was further justified on the basis of the nmr 
analysis of the corresponding tetradeuterioazo compound 26. Since 
the dideuterioazo compound 55 had been produced without scrambling 
it was felt that the rearrangements must be occurring during the 
first allylation step (possibly due to the greater nucleophilicity 
of the dianion (60) giving an SN", reaction ). Thus, a second method 
was used in hope that such a possibility of deuterium scrambling 
Via the SN", process would be minimized. The tetradeuteriodiallyl 
compound 67 was then prepared using the same method described for 
the preparation of the dideuteriodiallyl compound 64, except that 
dideuterioallyl benzenesulfonate was used in both steps. Starting 
with 20.33 g (0.115 mole) of the diethyl hydrazodicarboxylate (59) 
there was collected 15.2 ¢g (51% yield based on the dicarboxylate 
59) of the diallyl compound 67, bp 92-93°C (0.5 Torr). The nmr 
analysis indicated that 13.9% of the total deuterium is at the 
vinylidine position. 


(d) Azo-bis-3-propene-3,3-d, (56). The preparation of 56 was 


Z 
achieved by the hydrolysis of the tetradeuteriodiallyl compound (67) 
(15.2 g, 0.058 mole) and the subsequent oxidation of the resulted hydra- 


zine using the same procedure as described for the preparation of the 
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undeuterated azo compound bt The yield was 1.42 g (51%). The nmr 
spectrum (Figure 16) shows that the deuterium content at the 
vinylidine position is 13.9% of the total deuterium present in 

the molecule, mass spectral analysis (10 ev) showed a molecular 


ion which has a mass of 114. 


(B) Kinetic Measurements 


The rates of thermolysis of the azo compounds 54, 55, and 
56 were carried out in the same reactor used for the l-pyrazoline 
kinetic studies (see Chapter I, experimental section, p. 81), a 
schematic ay the apparatus is shown in Figure 9. Samples 
were injected into the reactor as neat liquids. Ina typical run 
a sample of 65 ul was injected into the reactor by means of a 
Hamilton hypodermic syringe using a 6" needle. This amount of the 
sample corresponds to an initial pressure of 90 Torr. The therm- 
olysis was carried out for more than nine half-lives, at this stage 
the pressure inside the reactor doubled to 180 Torr. The E. was 
taken at this pressure. The reactor was then pumped out and those 
materials trapped on the vacuum line were taken for further identi- 
fication and proportions. The rate constant was obtained by taking 
12-15 points at regular intervals and over the first two half-lives, 
then: plotting, log. E .— Ee vs. t, the slope of the line gave 53h ae 


(Figure 17). 
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(C) Control Experiments 


( i) Azo-bis-3-propene-3 ,3-d, (56) (70 mg, 614 mmole) 
was heated in the reactor at 142°C to 40% decomposition. The 
reactor was then pumped out and those materials which were trapped 
on the vacuum line were separated on an Autoprep using a 20% 
Ucon-insoluble on Fluoropack column at 80°C and 60 ml per minute 
carrier gas flow rate. The deuterated azo compound was then 
transferred to an nmr tube containing carbon tetrachloride and 
tetramethylsilane for analysis. The analysis indicated that 17.17% 


of the total deuteriums are at the vinylidine position. 


(ii) 3-Propenyl-azo-3'-propene-3" ,3'-d, RA ieke te 
“44.6 mmole) was distilled under vacuum into a break seal of 13 ml 
capacity. The tube was then removed from the vacuum rack and 
heated: in.an oven at 14240.5" for 32 auras (calculated 407 
reaction). The content was then transferred into a vacuum line 
connected directly to the ionization chamber of a mass 
spectrometer for analysis. The analyses were carried out at 70, 
10, and 9 ev. No fragmentation was observed at 9 ev and only the 


molecular ions were detected. 
(D) Product Analysis 


( i) Product analysis studies were carried out on 


samples trapped directly from the reaction at the end of each 
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kinetic run. Each sample was then analyzed on a gas chromatograph 
for product compositions. 

( ii) Exact product compositions were obtained using 
the bulb crusher method as described in Chapter I. 

(iii) Indentification of the products was achieved by 
the comparison of their retention times with those of an authentic 
sample on the following; 10 ft. FECT aR ROSES on chromosorb 
W, 20 ft. mineral oil on firebrick in tandem with a 20 DtsmeLUs 
n-butylmaleate column. The relative retention times are recorded 
in Table XXIII. The products of the thermolysis for 54, 55; and 
56 were trapped at the end of each kinetic run, and then distilled 
under vacuum into nmr tubes containing carbon tetrachloride and 
tetramethylsilane, the tubes were then removed from the vacuum 
rack and submitted for nmr spectra (Figures 18, 19, and 20 
respectively). The mass spectral analyses were done on samples 
trapped directly from the reactor. Ina typical experiment, products 
of the thermolysis at the end of the kinetic run were trapped in a 
vacuum line, the sample was then distilled under vacuum into a break 
seal which then was removed from the vacuum line which is connected 


to the ionization chamber of a mass spectrometer. 
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ie poe tee eer oles a 


Relative retention data for the 


thermolysis products of azo-bis-3-propene (54) 


aaa lll 


Column : Relative re- 
Helium flow : ; 

Column temp. eacetnl a Compound tention time 

(Ca) (N,, = 1.000) 
10' ,dimethylsulfolane Propylene Te42 
on chromosorb W 25 - 40 1,5-hexadiene yy; 0 
20', mineral oil Propylene ako 
on firebrick 30 50 1,5-hexadiene 22,00 
20', mineral oil on Propylene Le 

firebrick in tandem ' 

Bets 20 na 102. 0 25 50 1,5-hexadiene PhS Vig a 


butylmaleate 


. : 
ear —% 


‘2 
L2KR 2faaT we ogas 
4 OVE S 


To), B3eb eotingtat ovbsbiak sili 
fos 2a 


; ( ¥ a, ene +3 ~+F ke-ose to atorborg: severed) 


_ Settee iad = Es = - 
~*3 . soli mettagn ‘muteo 24 


( ato Im) adjaz 


Bl 


146 


REFERENCES 


T. S. Chambers and G. B. Kistiakowsky, J. Am. Chem. Soc., 56, 
399 (1934). 

(a) J. Bors vikabinoevitch}.ECeeeSchlag,, and KicB. Wiberg pit; 
Chem. Phys., 28, 504 (1958); 

€b), SEZUW: Schlag and B.S. Rabinovitch, J. Am. Chem. Soc., 
42) 5296861960); 

(c) B. S. Rabinovitch, D. W. Setser, and F. W. Schneider, 
€an. 3. ChemzegPS9502609 7(1961.):5 

(d) D. W. Setser and B. S. Rabinovitch, J. Am. Chem. Soc., 
86, 564 (1964). 

(a) J.So.Ws’Benson; J. Chem; Physs, 34,45210€1961)3 

(b)* S. W. Benson and P. S. Nangia, ibid., 38, 18 (1963). 
M. C. Flowers and H. M. Frey, Proc. Roy. Soc., (London) 

A 257, 122 (1960). 

M. C. Flowers and H. M. Frey, J. Chem. Soc., 2758 (1960). 
D. W. Setser and B. S. Rabinovitch, Can. J. Chem., 40, 1425 
(1962). 

W. B. DeMore and S. W. Benson, Adv. Photochem. ,II, 237, 249, 
255-258 (1964). 

B. S. Rabinovitch, E. Tschuikow, and E. W. Schlag, J. Am 
Chem. 250¢; , £845. 1083401959) 

R. J. Crawford and A. Mishra, J. Am. Chem. Soc., 87, 3768 


(1965)% 


’ 
e 


“] 
Ar ; 
eri 7 4 
= le oF 
SOMERS VaR 
sc r 4.30 itr } OR ah . Yaunwodalsely «ff re) bas axed 
’ : . Ee 
i : 4 ft ‘ paid 2 Ww | doa tvonkdam, 
~ + gB@OL) age 5. oot 
a, 
on : a ( yh ud bv oark« ded ed f bas aviton MS oe ay a 
niall : (oaes) oeee 8 
A) gay’! ¥ 3 bee . T8892 Re" . + hylan 2 i me é 
| ; (1aer) ebds* , GE er ww a5 
; L ,fotiveakdad .2 .@ bos x9a362 Wd 
GARD) HOE 
. —s~ << 1 on 
:{1GRL) E82. OE . ey mod WE gacenet | es Bo 6) 
, -Srdi .otgacal .8 .¢ bee moans’ Me 
Von .3G BS "*, : aa «M a: bas Riswolt p 3 me 
ne 
_ * a (008T) se keg eS A 
Ld Bé , ~ 20. , ad) .G. 44 can S Mt bo rat 
61-408 «il? .t 00d ,dsthvnnidad 2 € bam ee w a. 
1 et an ny My 
> 
- i - - Te 7 
pias .., Ves wi meofoogodd . via 00 mHbs a2 2 bas 8 om, 


eA .L .peidat .W .Y brs CONE 


—_, 


SITE Pal: t -2Q8 met} . eA... ef ; <2 


10. 


Zl. 


12. 
ie 


14, 


ese 


EG. 


a 


18. 


wo 


Zu 


A. Mishra, Ph.D. Thesis, University of Alberta, 1965. 
R. J. Crawford, A. Mishra, and R. J. Dummel, J. Am. Chen. 
90G,,,00, S929 (1966), 


R. J. Crawford and A. Mishra, ibid., 88, 3963 (1966). 


R. J. Crawford and D. M. Cameron, Can. J. Chem., 45, 691 (1967). 


K. W. Egger, D. M. Golden, and S. W. Benson, J. Am. Chem. Soc., 


86, 5420 (1964). 

Caye oespeltzer, ibid..* 8355262994196) )s 

(Dogme soeltzer. i bids. 055014) (1903); 

(cjq co. Seltzer=and F. T. Dunne, ibid., 57, 2628 (1965). 

R. J. Crawford and L. H. Ali, ibid., 89,.3908 (1967). 

D. E. McGreer and W-S. Wu, Can. J. Chem., 45, 461 (1967). 
R. J. Crawford and G. L. eon J. Am. Chem. Soc., 89, 
3907 (1967). 

T. V. Van Auken and K. L. Rinehart, ibid., 84, 3736 (1962). 
(a) DoE. McGreer, BR. S.*McDaniel, and M. G: Vinje, Can. J. 
Chem. , 43, 1389 (1965); 

(b) D. E. McGreer, N. W. K. Chiu, and M. G. Vinje, ibid., 
Woee Logs (1905)i: 

(c). D. E. McGreer, N. W. K. Chiu, M. G. Vinje, and K. C. 


Wong, ibid., 43, 1407 (1965). 


21. J. Hamelin and R. Carrié , Bull Soc. Chim. de France, 1968 


hides 


2162-2167; idem. ibid... 25135-2519; idem., ibid... 2521-2525. 


R. Hoffmann, J. Am. Chem. Soc., 90, 1475 (1968). 


%G i 
«CdCl ,2t19dIA lo ysletevhall ebeor 
ye | 


mem oh .l | Lom .. ft baw .erdel pata 
-¢a9ety. exe be 800 


ey, 
»(8d0L) CdCk , BP ..bRdE ,eurinde oA ape 


(TaeL) les 4 , 7 a ail PAD et 24 2? 
Var] - CP ae al .L. ..mo .@079mRD uy a baw Saanwexd: | 
, e 4 


mat 


© .mon) .mA .L ,soauel .W 2 “a ahaha | a ee 


The 


i (over) ogee ee 


fae) eas £8 ..bidt 982 fo 2 & 


7) 
anh. 


+ hes i) ¢ ean ¢ -stdi , Show +f @ bos worsie2 iy ' fi 7 


; : ; Ls 
(20RL) AL 28. brdk- eimaatoe Be 


a 


‘Stdd  tiA ad ie brotwexd: ee 


— - algaer) 200 2h cennd ee i 2M Be x09790M) 


7 
+ 


5 
‘7 Ps 
bes 


7 


q i. 7 


(reer) voee ae 
a 


ACOOL) AY: ae .. bed 94 danke eo ome aoduA 18V im : a 


y88 ,.002 med .@A .b ,eoedobud 7 ie bas ‘bap liwe3d! 


ty 


16) ,ofol¥ .0 .M baw 2 ) EnadoM 2 A .3oey00M AF. by 
7 r “= 


Btal¥. .> .K ba juke a OW uM oi 


| r oi 
D2 2 has .striv .2 mM jotd aw a ed M4 
aa .(2aen) 1 NOME sled 


Rae! somes ab mrdo ook [ivi , 3h: «eben Pa: 
mae: | 


oS 


- 


.2Se9-18es + Bast -wabt j012S-~En8g | bed 


ORLY ATL 00 @ , «20 “* © & A ok 
a ip 


moni 


233 


24. 


25. 


26. 


ZP2 


28. 


29. 


30. 


31% 


32 3 


148 


For a complete summary, see E. A. Halevi in "Progress in 
Physical Organic Chemistry", Vol. 1, Interscience Publishers, 
PC te New Orie, eNom les L705 gp et Oo. 

J."Bigeléisen, Jo. Chem’ Phys, 17, 675 (1949). 

M. Wolfsberg and M. J. Stern, Pure Appl. Chem., 8, 225, iden., 
abd. 320" (1964) . 

J.H. Schachtschneider and R. J. Snyder, Spectro Chim. Acta., 
DOs LER C1963)" 

K. Mislow, S. Boréic, and V. Prelog, Helv. Chim. Acta., 40, 
AA ll S957) § 

(ay AS Streitwiéeser; Jr i> ‘RP He Jagon; RC. Fahey, and 
SsSuZzuki; Js Ans sChems Soc SO 5°2326C1958)'; 

(b) A. Streitwieser, Jr., and G. Alan Dafforn, Tetrahedron 
Letters, No. 16; 1263 (1969). 

Re-R. Vohnson “and “ES S; Lewis;*Proc. Chem?-Soc'rs-52°C1958). 
E.S.Lewis, R. R. Johnson, and G. M. Coppinger, J. Am. Chem. 
Soc., 81, 3140 (1959). 

(a) W. H. Saunders, Jr., S. ASperger, and D. H. Edison, 

Jv Am. ‘Chem? Soc~, -80, 2421 (1958) ; 

(b) W. H. Saunders, Jr., and R. Glaser, ibid., 82, 3586 
(1960). 

(a) S. Boréié, M. Nikoletic, and D. E. Sunko, Chem. and 
Ind. (London), 527 (1960). 

(b) S. Boréié, M. Nikoletic, and D. E. Sunko, J. Am. Chem. 


Soaws764, 1615 (1962). 


= ; is 
i ; i 
. (zt 
Get et 
1 
‘ 7 
ft wes tgo7t" nt ivelaH .A’.@ $58 6X 
a isdet! ¢ arial 1 tev , «crt akaad9 
OOL.q ,280L .6¥ ie x0¥- 
6 =r st = 
at) eve Al e+ ¥T mand at of 
a r ays 
, fal : 3 »f) .Iqgk styf whoo! ou = See gzete 
Ld 4 ; ton Ae a : 
d } * een an bids 
i ‘ , 4 yf ne mM P | bose tsbtondses, toute Ht 
wh 1 -€6204) § Sar at 
; ‘ al ak > x) 
f - Pytl fat ~Rgolsx19 Vv bes chtSaed 12 ‘qwolan 
_ 
opaeibl sh 
(vee 
: | oS 
7 ,pogshL .W A ,.at Sarge: + ey be 
£ ,08 2208. med WA. 
not . Tatts: « 2 bos tS (ioeatualors@ 
- (@aer) cage 2k soft <a ona 
2 oe | : Pa 7 
(B2@! bas ) .nowt g@lwal .2 a ais 
) ; i .o bas .T0entol oes 
ok ays ¥ 
,«22er) OnLE. Jd 4? 
,mOe a ,TegrageA .2 at <2 t9bau. 
; (ee) seas 0e 208 A ok. 
‘Paria if ; a : 
GREE £8 Bi li < 29 seid it _— gett a a: ie dace - a, 
* ; me 
. ‘ SR a 
bre .madd ,oemue 0 Sas ohastenn M dea 


save Ja 


~" aad mA othe 7) 


re 


on 


a 1 bie obstat | 
in ; 


ae 2 


ean a 


149 


33. V. J. Shiner, Jr., W. E. Buddenbaum, B. L. Murr, and G. Lamaty, 
J. Am. Chem. Soc., 90, 418 (1968). 

34. L. S. Bartell, Tetrahedron Letters, No. 6, 13 (1960); J. Am. 
Chem. Soc., 83, 3567 (1961). 

35. (a). E. S. Lewis and C. E. Boozer, J. Am. Chem. Soc., 74 
6306 5(¢195 2); 
(b) E. S. Lewis and C. E. Boozer, ibid., 76, 791 (1954); 
(c) E. S. Lewis, Tetrahedron, 5, 143 (1959). 

a6. (a)GeViteiz Shinér, ir tipmlitam, Chem. Soda, 75229250619 53),; 
(YS Wi9sS)Shiner, Jr., ibid., 76, 1603 (1954); 
Gc) Rules. ShitterydrasTetrahedtonnes,, 243 C1959) ; 
(d) W_VitelaiShiner % Joe, J. AmAgChemmSoce,s: 83 90240769 61) 
Ge)e VeeleShinen, IrwjeB. EeyMurr jsand GaHeinemann,) ibid. 
85, 6241361963). 

37. (a) H. C. Brown and G. J. McDonald, J. Am. Chem. Soc., 88, 
2514 (1966) ; 
Cb) «.H...C. Brown #M-E.. Azzaro,-Je.G.Koelline, andyc. J. 
McDonald, ibid., 88, 2520 (1966). 

38. G.« J. Karabatsos, G. S. Sonnicksen, C. G. Papaioannou, 
S. E. Scheppele, and R. L. Shone, J. Am. Chem. Soc., 89, 
463 (1967). 

39. See.(s).. Ref. 28a, p.2329. .and.note 24: 
(b) Ref. 15a, especially note 28. 

40. S. G. Cohen and C. H. Wang, J. Am. Chem. Soc., 7/7, 3628 


£1955) 


prerers 12 bee . 77M od 8 avedasbhut 3, at 
 (BARL) BEA, rica 
WA .c ;(008L) ££ 2 .om ,epesded cosbouiarset Lojipa « 
.(aer) seze. EB. 49908 
ay «302 .mam) ,@A ah 392008 +a ee slwad 2 a va 
: 7 ; “G wr it 
: ov a a (sees se 
(O2OL) LOT .a . Whe pmewooh 12D bae, aiwet ak te oF 
(CERT) ERE Se othaderseT ahve, a8 2} oe 


¢ RECO) CLES CY OO. sme ealesL , + 3L. ,Yoaltd2 Lav - (a) : 
;(M20L) 004 . ay yabkdk ,.9t ,zenkdd ob vo 

:(C2CE) EW ,2 notboiinwel ,.2l..zenkd?. bh oF (a) “= 
{(1dCL). CdS (8B . peg snob. A .L .ntl .s9ntde a a () 


‘en 
isnecioH od bee ,otel-. Jd io iF) toakde b #% (2) ee 


sCeaeLy CHAS (28 ra 
re a 
eo O ge d02 (MS). sma” Th  blesottgy & bea. nwork DoH, oe ce 


| 20H) ARS ae! , 

; a) 

sl .d bre .gatiised 20: UU OtnasA Toi. hey 

J | ; é -aword cae a ee 
:<a9ee) GStS , 83 vshhdt, blanca J 


euGnmsotsgad .D .o ieee 2 “a ,a02adaz * ae 2. 
8B (962 951d «cA WL onede A hae teem 7 
i is 


= 

) 

i . 
# * as 


i] ! 
wie im “a 
i. 


195 oan bom 86g ta 
Bs =? 


+88 aden ' 
BS8E ebh. «0202 sod a wh nt 


, ey 4 | 
au _ 


150 


41. C..G. Overberger and A. V. DiGiulio, ibid., 81, 2154 (1959) 
and references therein. 

42. (a) E. S. Scheppele and S. Seltzer, ibid., 90, 358 (1968); 
(DJeeAs Aw 2avitsas anc S.. Seltzer. ibid., 86, 1265 (1964). 

43. T. W. Koening and W. D. Brewer, Tetrahedron Letters, Now. 3255-2773 
CETbS ) : 

44, C. E. Boozer, B. W. Ponder, J. C. Trisler, and C. E. Wightman, 
J. Am. Chem. Soc., 78, 1506 (1956). 

45. S. Seltzer and E. J. Hamilton, Jr., J. Am. Chem. Soc., 88, 
37/5 (L966). 

46. S. Rummel, H. Hubner, and P. Krumbiegel, Z. Chem., 7, 351 (1967). 

47. T. W. Koenig and R. Wolf, J. Am. Chem. Soc., 89, 2948 (1967). 

48, D. B. Denny and N. Tunkel, Chem., Ind. (London), 1383 (1959). 

fJeseeoeltzer, J. Am. Chen. Soe., 83,.1861 61961). 

DUS Wer. Pryor, R. W. Henderson, R. A. Patsiga, and N. Carrol], 
J. Am. Chem, Soc., 88, 1199 (1966). 

Ole wo meEvani, Phid.-Thesis, University o£ Alberta, 1967. 

52. J.‘E. Baldwin, and J. A. Kapecki, J. Am. Chem. Soc., 91, 3106 
(1969). 

53. M. Matsuoka and M. Szwarc, ibid., 83, 1260 (1961). 

54. M. Feld, A. P. Stefani, and M. Szwarc, ibid., 84, 4451 (1962). 

55. M. Takahasi and R. J. Cvetanovic, Can. J. Chem., 40, 1037 
(1962). 

56... L. C. Leitch and A. T. Morse, Can. J. Chem., 30, 924 (1952). 

57. M. S. Kharasch and F. R. Mayo, J. Am. Chem. Soc., 55, 2468 


(1933). 


tied 2 haere. “RON OLvAR 


ib ' 


ohd 


oti lmek mA wie wagis 


ba tout 
j tiot = (a6 gtnwo® . 


. hala’ um bere eaned a.0 


von Oe | bea. gabe i wa 


tal 1o%a of: resood : , 
e : ris 


‘yet , on hc A vb. ysohsie’ 7 


+. ae 

it e? zt 
Aik 68) 
if oe , 


7 MG ‘ar 7 
< teat aor 
+ Ae 


' arn ‘je 


S45 


CFS) GURL 85), 008 (nt - 


ln iu, 


‘saoety af 
oH seihete 2 


am ae 


re ne 


pics 


aa . 


ote A on 


méseotaeht! Ty Oat qrognt oh WW 


" Be +308 ni 


vA ' - wiwe oc: 


a 


=) 


58. 


= Be 


60. 


Gu. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


151 


G.*G. Smith and’ F."D'.” Bagley, Rev. Sci.” Instr. ,°32, 703° (1961). 
A. N. Frost and R. L. Pearson, "Kinetic and Mechanism", John 
Wiley and Sons, Inc., New York, 1961, 2nd edition, pp.99-100. 
L. P. Hammett, "Introduction to Physical Chemistry", McGraw 
Heia Book" Co.5~ New vork, 1952 ,”p. 410% 

S. W. Benson, "The Foundations of Chemical Kinetics", McGraw 
Hill Book Co., New York, 1960, pp.91-94. 

EY M. Hodnett* and P.+S.* Juneja, J.° Org. Chem: ,/ 33, °1233° (1968). 
(hy) Co cr’ Swaih® Et Cl-stivers? 7)" FitReuwer, ‘and Logs 
Schaad, J. Am. Chem. Soc., 80, 5885 (1958); 

(b) J. Bigeleisen, "Pri tium in the Physical and Biological 
Sciences", Vol. 1, International Atomic Energy Agency, Vienna, 
1962, p.16l. 

Gis’. Hammond, “Js "Am. Chems Boe wed 15594911955). 

K. B. Wiberg, Physical Organic Chemistry, J.Wiley and Sons, Inc., 
New York, 1964 p.360. | 

See Ref. 23, p.168. 

ASP. Baker ‘and’ Ri+C. Lord, -de" Chems" Phys, 235° 1636" (1955)* 

R. C. Lord and P. Venkateswarlu, J. Opt. Soc. Am., 43, 

1979" (1958). 

D. Cameron, Ph.D. Thesis, University of Alberta, 1967. 

H. Zollinger, "Azo and Diazo Chemistry, Aliphatic and Aromatic 
Compounds", Interscience Publishers, New York, 1961, Chapters 
9™ ands 12. 

A. F. Trotman-Dickenson, Gas Kinetics, Butterworths, London, 


1955, p.70. 


Lan 
. vv 
CLOSE) LOK I .to2 Veet tolgatt'. a at 


« 


nna! y i* ‘bite 2 3: abi ,sourtest me a tos door 


OOL~-EL .qy , bas ,f0@L .eroY welt ,.onTt oe LEH 


; , 


3 Et gid. og gobsouboral" 3semnall 4 4 a 


fa . ah cn 
e  OLK,q Sel ,tx0F » va 4<09); Hood . 


7 


(Baer) | > . mod? . ,sateevt .2 9 Bae 5 1denboH ce 
ma ‘pis é; . 1 : ,eies +72 ra a atswe ~ a 


é : mS , ‘ «202 sme oA secs 


i 


vi: / ( tmoiA Isnotsentednl ef lov asoaatse 
? hi? 
a: ‘ ops : “" wake 7 iat .g med : 
; aa a 7 
a ; ot . +208 .@euid mA % : backs gh 
. ‘ ad ‘ 
ane wali iextetmentd 92 O Imstevd? vaTodiy 4 2k 
7. iy 
sce gq aes 150 | sia 
iT : 
Bar, Py ef yon Se 


B2E) afol gs veld - sora” sb, bred 9 om Ey ae or 
} mate Ss 


<oe . GA .9OR 1.340 .£ wie 253adaeY 7 son. aa 


hae 
i set <8318d1A Yo yttetavial , ekesdT- ‘ain ie a 
oi¢temorh bas Peeiteuta “~UTtealmotd anes 7” oat wei 
eracgid) ,[A@) alto¥ weve nsdadkoata meio: 1 : 

‘ 


Ghee) edi yovisssph eobseae aa 


72. 


73. 


74. 


75. 


76. 


77. 


78. 


Thee 


80. 


81. 


152 


ta)” J. A. Leermakers, J: Am:"Chem: Soc., 55, 3499 (1933); 
tb) 'D. Hy Voiman, P. A. Leighton, F. &. Blacet> -and*R. K. 
Brinton, J. Chem. Phys., 18, 203 (1950). 

M. C. Lin and K. J. Laidler, Can. J. Chem., 44, 2927 (1966). 
(a) C. G. Overberger and M. B. Berenbaum, J. Am. Chem. 
Soc., 73, 2618 T1991) 

Come cdem, 01d, 7.3, .4003)( 1951)’, 

(a) W. Forst and 0. K. Rice, Can. J. Chem., 41, 562 (1963); 
(b) C. Steel and A. F. Trotman-Dickenson, J. Chem. Soc., 
9755 (1959). 

H.C. Ramsperger, J. Am. Chem. Soc., 51, 2134 (1929), and 
references therein. 

(a) O. K. Rice and H. C. Ramsperger, J. Am. Chem. Soc., 49, 
Goi (1427) 5 idem, ,eibid. yw 505.017 (1928) ; 

tOjeeke A. Marcus and O. Rk. Kite.7),. ©ivs. COLlogd, Chem,., 
55, 894 (1951). 

(a4) “"H. SP Sandhu; J. Phys’ Chem:, 72, 1857 (1968). 

(b) W. D. Clarke, Ph.D. Dissertation, University of Oregon, 
Eugene, Oregon, 1959. 

J. B. Levy and B. K. W. Copeland, J. Am. Chem. Soc., 82, 
Soin (190). 

S: G. Cohen and C. H. Wang, J. Am. Chem. Soc., 77, 2457 (1955). 
(a) G. Williams and A. C. Lawrence, Prog. Roy. Soc. (London) 
RI50 ; ao 1750) 5 


(b) C. G. Overberger, M. T. O'Shaughnessy, and H. Shalit, 


Sef 


ou 

SCEERL) BODE .22 ,.508 are ho ermtaenea 
- ples ae 
2M bos ,3o0cl8 2 1 wetighes oh 1% tao “ oe rs 
ies. > y-; 


2A) EOS BL yveytT saedd abet nota re 
CQBQL) (SCS AA , todd .b sakD eet ot ae bas abs 2 


mod) «A .l ,mosdnoged 62. fas sogisdr9Vv0 2 2) tap a " 

| | 3(12@f) Bfas ,£U Pas “ae 

(C€QL) £86) ,6% , .bkdd mob Oo ae 

;(£a@L) S82 , LS . aad .L 1289 oaks 1G bak Sanat we ome 2h 
. 908 .tedD .o a aati id-comtor? 1 .A bas fao38, oy “a 

i; ee | (020L), «EO 

brs (eee) “OES Le, 908 .aedd wh oo 79g Teqemad 2:8 a 

| -akstod3 esdnsr9%es 7 
Gh ..902 .cietD od »L ,tepveedenl 3D ‘a ios sola +e 
(BS00) {10 OF «obbdt eee qvser) wat / 

_ltod .btotfed .eydd .L ceabt ot 0 Ben eee A we, - 
| -CLEGLY p08 Be 

»€8GOr) Veer hs matt ayaa L cusbaip® Bathe: \. er 


M9RS10 to yItexovlad. ,qoltn¢teesh® .0.dF Tad ao i) 
.S8 ,.202 .mod .mA .L ,bosisgod Wm if og ra 


AR2UE) Teas Ai . 968 ced): 0h 1 cane a 2 bas 
| a 


i at : “ 
Gawbrtod) .202 yon B02 Panstwad, .d: 4, be aa te ae 


eablade -i bet. .yrecadguade" 0, TM 


82. 


83. 


84. 


oD. 


86. 


87. 


88. 


89. 


90. 


As, 


92. 


bas, 


Ja An. Chéeme Soc. f./1, 2661 .(1959):; 

(c) K. Ziegler, W. Deparade and W. Meyer, Ann., 567, 141 
(1950). 

My.Gi mares and M. Polanyi, Trans Faraday Soc., 34, 11 (1938). 
(a) A. F. Trotman-Dickenson, Chem. Ind. (London), 379 (1965); 
(b) G. C. Fettis and A. F. Trotman-Dickenson, J. Chem. Soc., 
3037 @1:961); 

(c) G. C. Fettis and A. F. Trotman-Dickenson, J. Am. Chem. 
Seca SL, 5260 (1959) 

(d) J. Grzeckowiak, J. A. Kerr, and A. F. Trotman-Dickenson, 
Chem. Comm., 109 (1965). 

J. A. Kerr, Chem. Rev., 66, 465 (1966). 

A. Zweig and A. K. Hoffmann, J. Am. Chem. Soc., 85, 2736 
(1963). 

R. D. Schultz and F. W. Millard, J. Org. Chem., 24, 297 
(1959). 

C. G. Bergstrom and S. Siegel, J. Am. Chem. Soc., 74, 254 
C1952) % 

F. Daniels, et al, "Experimental Physical Chemistry", McGraw 
Hill Book Company Inc., Fifth Edition, (1956), p.339. 

J. L. Franklin and F. H. Field, J. Am. Chem. Soc., 75, 2819 
C1953) 

M. Szware and A. H. Schon, J. Chem. Phys., 18, 237 (1950). 

A. S. Gordon, S. R. Smith, and J. R. McNesby, J. Am. Chem. 
BoRweeol, e009 (1959). 


S. W. Benson, A. N. Bose, and P. Nangia, ibid., 85, 1388 (1963). 


ter 


: (222). fas ot pi 
) EAL ~\de ,.07A 149M HW hae ¢batagsd apt 


CBEPE) ff NM ..20% yebervel easel .Eynalod .¥ bas anava 42 4 . £8 


. 
S 


2(2005) CE , (nohbeod) . Bet. .@ad moanexoh lq 2nd ort mh | A we £8 


(+962 .medd .L .svensdoid-meesevT of A bm: ers20% 3 7) (4) Ef 


ic 
+ (10eL) ve0E 


mot? .@A .l ,adstedord-ganjorvl .& .A bas atsiet ad “2 fon 
Le - 


S. :(Reet) oase .t8 19908 
iokd-nemtoxt .¢ .A be ooze VA AE Askwoolsenx9 L () ae ¥ 
(290L) COL ,yemoD, sed 
(BORE) 223 29 «ives smal aga be oe a 
GEVS 28 ,.n0d@ .msdd wok Ut .ooamtiol At A bos giowi. Z <a 
(028) - 


yes AS ,,modD .gxvO .. .beeliie .W LT bos siludo2 @ Ht 588 
ly tom : 4 fas - lM 


a) 
w 


Pcs HN 4.908 ed) sw .L femets 2 bas wor28gz0l, 2.9 
ea 7 | 


od 
C6€.g ,(0@8L) ,nobetse mease «Onl ayers Hot t oe 


ia) 
OL8S .25 . 902 .med> sah i  ghtont 1 tania t 
; : me ae. 
fe 7 = Bh oe 


; | - yeu 5 ; a = 
COCEE) VES .Bf ,,eydt «todd LL OMe, Ht \ bas: ee 


» af a 


wat0oM ,"yttetmed? Isotevdt fatoamb cig i839. 


- - 7 —_ \ - . 
ad) .74 ,C ,ydeetoM .H .L bre aes] ae : 
al 


154 


Pees lls angels M. Frey, J. Chem. Soc.> 5578 (1964). 

94. D. M. Golden, N. A. Gac, and S. W. Benson, J. Am. Chem. Soc., 
Sitio, (1969). 

95. V. Belanié-Lipovac, S$. Borcié, and D. E. Sunko, Croat. Chem. 
Beta ot, Ol 1Ip 5) 

96275 o..G. Conen and .kR.. Zand, and.C. Steel, J._Am. Chem. Soc.., 
CE PPE REA GET ION 

97. W. E. Doering and V. Toscanno, Unpublished results cited in 
Table X, H. E. O'Neal and S. W. Benson, J. Phys. Chem., 71 


’ 


2903 (1967). 


eer 


ATIYV 


»flamibdist Yo iid sf% mE ated say oe fT 
corcgasvhbs eid bevisseaz of .5A “el ashi feats ag pat baba | 
at loovo® dgili mieothdet ods mott besgubeag bas vatemthdt a a 


7 
4 
steio 72327 # Savis wi off e1edv ,ascqstst 367 agsifo3 odd ik ie a 


ebebrignt  fotvignd Jo yatezevhad ody borstne ad OdCL al Peer 1% 


smisd sA3 Seve esy BH PORT at viselnenD Be iuoroH «98. o 7 
sh Ac\l 
to sasliIoD srt boeie soslq baoosae tol ssizt sg ‘rodetatt - 
Ol scix1T yoequed IroansdD senehie® edge bas _ @aet) aoonsto® a 


»(4001) yutelmed? lo tasetreged edgy ot gnibuede sesls ee , 
bet ; = + 


Si zo0ojisTi Cats ae haveyse of sols aubsrg ISITA J ay 
| 12 one 
bGudged ,dehige? to yttetevie ,yrtetsed? to Inoudteqed en iy 
a 


to valine? ott baretny od CoOL andmetge® a] TE8y ono 26! 


bovise bare .stojnombs . at xedkA te gitezsvind net iis oanubexd 
ah ¥ Se mh 
pilisiquos slidw yritetnedd al tnesedesk gnidonst saavbax0 68 


